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preface 


The hifetury of accelerator development has not yet fweern 
written.. Alma*! the entire literature m the subject is published 
in research journals ur in laboratory reports- Kscerpt fur rela¬ 
tively brief survey articles, there are no publications in which 
a scientist, an engineer or a student can find a description of the 
physical principles of particle acceleration h or of the ain^essTuI 
designs fold techniques of the several types of uticderaiors. 
The need for such a compilation mid study is clear. Many a 
student wants to know more about the field to guide Ins further 
studies. Nuclear physio M* must understand accelerators to 
evaluate experimental evidence. Scientists or cEiginecre in border¬ 
line areas are curious about the machines which are the sources 
nf nuclear data, and occadonally the director nf nn expanding 
Islwmtory must aciLuire an apprec iation of the relative merits: 
of the several machines as a him for future plans. 

This monograph is an uirempt So present one pa* i of the 
story of accelerators—that associated with the newest, largess, 
and higHeet-enerjzy machines, which have become au Important 
in the rapidly developing field nf nuclear formes and high-energy 
pari irlra. The early development nf the hold, covering the direct 
voltage machines nf I he IfiftbV, nlectrostatic generators, cyelo- 
(■raua, and the like, I'Jiminl tie included in this brief volume. 
This may leave ji big; although Him voidable, gap for some 
readers. However, the? story of the high-energy ui-celonMors is 
almost a complete story in itself. 

The emphasis is on the physical principles of operation, 
the properties of particle orbits, and the design principles of the 
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U\)s-U- enmpoiiunlh. \n nMempI lias fieen made hi h coinplfrle 
i-ov«i• nip^i 1 of all iairtlHIintii tti.s 4 but lortfbii h mh> nre churttti jw 
i-ypinil uinl nre durfbed sii wimr ■ E^ttiU to dinmuiHlmle ;i jihi- 
Eu-ularly eOhirtivc and r > lurtliiiiil E wM ru n uibpi umtiI.s. h. hatf 
alio Ekhjii the urj£iMjf the writer to mKitw' .siniititrik-kw jil prin¬ 
ciple of ihumeral madiiiios. eaptn’inlly in tin* way they de^nd 

imi the Um\r c<pintiimH o( motion of particle.-' in electric arid 
magnetic fields ToeilipbiiHiKe thitaimiJikrilif^ fhtvnmtheimiical 
fjf puriii’lf rim!ioti, 11 & Eippliisi in moat ui the aiwciftra- 
lora, h* presented In ;i -epmule chapter where |.he iommuii 
(Vottm** of acceleration, fucinsm^ uml .stability urc rti i rivfii:l from 
rhp equathmH t\f mu don, 

Acreleratora aru undergoing cimtimn nm development ? eepr- 
eblly tlioHc designed fur the tii^rgie^. The mmt exciting 

recent development art tiol yi j i fumlked into el working ma¬ 
chine. As a result the ta«l simpler itt upetiJy speculative^ and ii 
fa to he expoetod that same uf the 4-mMtcpla mid dcsigiut presented 
will he changed a* ihe^r new mai'hiiLC^ evolve However, humJj 
n preview ijitu the early RtogeA uf ilm ^lojiiaeot uf ji new type of 

nerp^prjrtur iw the lust possible HUihI rnt-iou of the ... art. 

Ii shows, more dearly Ihiiii a fur rintl degcriptiui] of a working 
tmsdiine, lioiv m'w miii'pplH develop how new problems urine 

tiikd haw the nppHcfitk. . mjEprmHy nml leehnologv mn solve 

1 In 1 problems lei achieve H new voltage record and el new tool 
for mi [dear research. 


M. Stanley Livivchftpn 

('amhrtdtit r -\fa*mthuxrti* 

May I$ r tBSi 
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High-Energy A ('('el e m I o ra 
jis TquIf for iNmlear Hcincareh 


Ll Introduction 

Particle accelerator* ore among the most useful Umls m 
nuclear science. The high-speed particles whi-sh they produce 
can penetrate the force fidds of nuclei r where they supply the 
energy no-!wa«y to dfebt^gnite t he nucleus, or serve a* probe* 
to study the properties of ma'icor forces, Ainrmr nuclei ure cruni- 
poseri of protons imd nrulropg hound together by aliGrt^range 
fori-rs r with :m approximately constant nuclear del wily. The 
nuclear n idiots can he express! ax r = r,,.-! 1 '' 1 , where 1 h the 
number at mick-ims. The radius of a single nudeon, f fl ^ L4 
X 10 cm, nut S-c taken as a measure of the range of nudem 
forces. 

When positively charged particles arc used to Iwunbard it 
nudeua, tliey lire repelled tty the Coulomb force. The {jotmlM 
energy of ll singly charged particle at the radios r (the potential 
liftirler) asaodnied wish nuclei of 1 < A < 200 is between I and 
I ft Me Particles muijt have kitLHir energies of thU magnitude 
l.o approach to the i 'dtLrfu,i e FT of n nucleus, when 1 they have a 
high probability of initiating a nuclear reaction. At lower 
energies tlioiiut^eatpKMieFSf^ obeyed are understood intermu 
.if the wavc-mceha! liciwl probability of penetration uF the barrier. 

Energies of several million electron volts have been avail¬ 
able for many yeara from the early accelerators such ob vciltage 
mu 1 ti pi icra ^ the decfcnistal ic genera t a r; jiej i 1 the rye] citron. E.v- 
jivrimonts at such energies have served to i-vplorc the grristi 
structure of the nucleus, to measure disintegration thresholds 
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and low-lying €ixirtrjitioai kveIs in nuclei!. The cundilkma uf 
stability in Jinclrt lmvn been imvsligated, a ini many imasum- 
metiUa InsiVi- Imsil made oti Hie properties uf the unstable, radio- 
aclivu imdklos. Angular distribuLums of tin- product in 
diiftiilegrathiJi mid Heat N-ring priM-esse^ -diow thi nuimeiiLrnl 
nlmrmd^r of Mi,dour fnmis. .H .soiiiewliLU higher eitergkw 
(greater Lhsui I.U MmO disirnegraftun prore.^ea ln<i:onu- more 
complex;the muhi-particle diameter of mo*t mu'lei is h'veiikd 
in the many i.'omptftiEig reaction*. often resultb3g in imdri- 
partivk emimioM 

At; much higher i-norulpa the vliaracbtiE&tk'B of the phe¬ 
nomena dUiMge* and Wi! enter Hie Held of tho properties of 
fo3uhmieittjil pari idea, n t-i hi yi ■ ihe ixu&Ivqb into in ter- 

fu 1 Uo 1 ]R be few eei i eleme 1 l 1 ary n uoloo n.s a ml gi y rj 1 [j n-r 1 e v i th ■ 1 mr 
at Hie properties uf the nndenr force m extremely .short rangp. 
This change in dummler of the hi feme 1 ioua is expri^^cii hi 
wave-iTteehuiLkid terminology by the whvi length uf 1.be Ik^is- 
hnrding pari ido becoming abort nhiii.ive to 1 indoor diraeiipions. 
In the hifLion-volt region purl idr- wavelength is wmiil! even 
com pared to the dimensions uf a Mingle nude on The wave¬ 
length associated with a proton of fine billion dectroa volts 
(1 He v = HXKl Mev) t for example, is given liy: X I x 113 1 
cm. A proton of this energy (ur higher) i- vi* indited &h- having 
ji refaction with one (or at the moat a few) of the individual 
nueloons in traversing a nucleus. The mull i-piinkle diameter 
of heavy muM ts significant primarily in l.hal it represents a 
greater density of nuclear rnaltcfmidfio ukt t^aes the probability 
of siiloraetiinn 

The fundamental midear fim% k Ijebwran pairs of mideoLi*, 
k now believeJ to involve ihe product ion ami absorption uf 
melons, Theoretical interpretation is by nomcas^ 1 um j i|i -H' H bur 
nmny experiments sliow that- mesone are produced when lurjjuls 
lire bombarded bysutficiently high-energy particlesor radiations. 
Meftons were discovered hi (foemie my oliserration^ mid el large 
fraction of present evidence on ihe properties of mesoua ha* 
been obtained by using the high, but unraiit reliable, enfiiEgies of 
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riwHurtH' myn. Furlhannore, tha nuwt meant i 3 videhrf 

fur -illI ljr:i■ icr nii-Hlsililt* partiHe-s hiio rume from e.\^)tiure nf 
plinrNgruphh rmnl^iniiHi 1o Lbe priimiry iTtmmii" rays ill lii^li 
jiliiiiirti^. rLtB!uii.c*c) iii I utllnuii tlkhln, uml from doud chamber 
photographs taken in mountain IuTh jr»itr>rii?H. 

1.2 1 notable Particles and Threshold Eiierpr* 

Mirny of tbi Momentary partideH, ami i^* llII, am 1^ 

(-rented ihrough nmtrrialijfialiuti nf energy. ElLH-truit-pnir prtn 
■ EiH!ijcaii liy gumma rny* is nrw :i nflhlively wdl-underHlood 
pufn'ritniH'miis: 7 — «- t ' + * Thi» prCweftH centra ilk 1 lie 3 prfeHrnrit 
of l In - I'liN'f.rir Bald ok' ji uudeus or detlrun, mid the minimum 
^timnuL^rny niMrgy rrqtiin?d ih njuul Uj ihi* .sum of 1 lit- rml 
oiw fc rgtPH of the Her trail HJtd poriLrou i ] .02 Mevh Above Lilia 
threshold thn (TdHM seriiun I nr aliwji'ptiuii of gamma nudiutioti 
through pair prndurtiou rivett rapidly until il tho dominating 
prunsH* Jii very high eijefgieg, 

Tim inverse pror^&, uf annihilation of u patron with! a 
TK'gatm* i'lhfimn, rcttiilEti in iba n-leitfG nf two []U$nt.a of gumimi, 
nirtimion, cindi of U.51 Mev energy, following thi; rvaHmti: 
r ! -{-*■" —- 7 + ?■ fb B tMxattiomilly, in eperial dmimsLtuvf* 
ihrn* ■ iiksliiIi! are product or a Angle gamma ray of I ffii Mev 
AunihihU ion on-urn inwl ofliwntly after thr- positrons 
Imvo Im^-ti aUnvatl down lo thermal Hiergies lay omlLemig ami 
iiiiiiititton in 1 hi- Hurrmmdiiis men limn. 

Thet^e in'oi'i -M 1 .-. of dw Iron-pair pmriihiion 11111I aiuiihilu- 
linn i*\w 11;- Uittii 1 informalimi about 1 lir iutem^thm Iwiween 
light i-Jonrmtnrv purth'lw am! sh+ i desti’omagoetii 1 field. 
Iviually LTiijjJiftbiikl inrigltl into 11 h l pro perils nf llo p heavy 
demon 1 wry partid^H ia unt.idjjfllwl fmm rtiulum of the cmat-ion 
.mil absorption uf mi’EHUiti. 

A brief survey of I,he known unstable pertitlrn iFapppopri- 
■ 1 ■. irKdiow the shr^linld energies mjiiiml for tlmr pr^Hlmliou 
itnd tlir ^tgniliatmv uf tLi ^lemloie tm inols h> flirty the pmper- 
r.ieanf Hiidi [hm I mi pprmit 11 complete survey nf 

tlirt higb^nargy pittiddaGeld, mv in ihe author ™iTifiontly ver^l 
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in tiiis Held i« prestti). jutti interpret the rapidly avfruTOukit itig 
now enderifiF. The ilinciifwion it* follow is restricted to those 
p&rtidles which an- tnostt well established; readers should go 
elsewhere for ;a mint completf! ami it<M-i»nrii1er| analysis of 
hluh-cnernj' physics.* 

It-Mrxorix The original meantis discovered in eosmie ray 
rttperimenla me now known tie p-mtvjuna Ih.il, |»sitivply and 
negatively charged ^-inesniu* are oijfHjrved in cloud ehnnilaers, on 
which a imtaiiflie field ttr superimposed, by the diJTertmr direo- 
tioiss of i'llrvnturr of (he trucks Whenever the e + -tneson is 
seen to .slop in the cloud chiunher a single oloctxon of ilie same 
sign of charge is observed ns tt product, The election track* 
Usually iniike sharp utiles with the meson truck* and show a 
(‘oiitiunoiiH energy distribution extending up to about 30 Mev, 
indicating a 3-particle process jn which two nnnjO!U*ing rndifL- 
lions are also knitted, These neutral pari ii-les are presumed to 
lie neutrinos: 

+ 3r 

-* «“ + 2r (l-i) 

Electronic experiments show that the half-life for damy tnl-r. 
electrons is about 2.1 x I ft 0 w. The relatively long life and 
ihc fai t that most ji-nicsoti^ survive i" !«■ slowed drawn More 

decaying show ihut they do . react Htmngiy with nuclei. 

1 his artmll nuclear into ruction cross serljiin is iricranypatiblo wilh 
the large . nw -tertian for production of mesons in midr-ur hit E-r¬ 
uctions ami led to Use prediction arid discovery of another type 
nf meson, llie T-mesiui, which is responsible for tin- large pro¬ 
duction cross section 

Observation of lire chat'acLeriatii 2.1 X l<> " hh- dn-ay 
period with electronic riim-dehiy apparatus can lie u.~ I i>> 
identify the a-mesons. Tile di'limil Ofil-Min posrLrrtn an¬ 
nihilation radiation is also useful in identifying ihc punitive 

•Saiwrlsjf numbers refer to the Bibliography hi the i-ad of ihc 


book. 
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j£-iin\*un_ Till, tunas Ilf the ^tupshej is f2LKUi> dr 2,1) wl „ where 
jji,. i* ihr iimsrf of i l 11 electron ni rest . 1 

M-l/'-wtfiJi. tin- iIta produced mid absorbed iu nudesir 
jiili'hi' lions hit called jr-mesoua,. In die uIisciicd of other 
Uirji decay into ji-mesona with a chaim^teristiu mean 
lift- uf 2,05 X 10' v sue. following the reactions: 

JT + -» f* + -h M 

T -^^- + „ (1-2) 

Observation iif this decay |Hjrioil is tYidettue- for J.lu: j prepuce uf 
t- mesons Neatml ^-mcaurw at real- disintegrate into two 
cnmmiL rays uF 68 Mev iMUSJx: 

*7 + T (1-3) 

mi]j a very .>hort menu life estimated ix& 10 '* fiee. The result inn 
y-mys *'eul lie dotted through their t3ftft:n}n-|)Air produtitioiu 
ir-mesoriH rue produced by accelerators Uirough a Tvide 
variety of rrartioiie, resulting tn both charged and neutral 
mesons, The simplest., conceptually, is photo-production, in 
whHi the liombardiu^ radiation ie a pliolon which acts directly 
■m ;i ij 1 nucleim KvideinT ha* olimined i"i tlie follow¬ 

ing reactions; 

7 + p —* n + kt + 

7 + p -* p + ff 4 

7 + n p ■■+ V" 

7 + n —* ti + f c ( 1-4) 

XiuL'leoiL-mu'lptm reactions are in even greater variety, of Hie 
type 5: 

p + p-*p + n + 1T + 

p + p-*p + p + * 9 

p + rt-*pH-p + *T 
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ft + ft -* B + n -f w + 
jj -f n -> p -f- n -J- T a 
W 'H - ft —> It + p *f- tr 
n + n-Mi + s + fi 

]?Juh oliifi's j 11 U’hidl Inure than (flit 1 r-]iu-sn:i m ]ir<Hli|iiti t if 
sufficient. oniTKy i* aviuklilc. The primary m» of wiidefiitan 
111 the 21H)- to ;H Hl-Mov h;iH Iwn fm the priniurtinn of 

f-HMssoiih, ii rn| u luirjii.’ sh/in* nf i.| 11 > trmtfih 11sinu -.iiih tett l * 

erafurs has been on the properties m| T-flwi Bmi urnl in fftfiwmn 

fllsnta of iiitprarjiion eros,- sent-joiii- of r In■ .diiry irn. n. l)h 

where meant is inn ju- (In- bombarding ngrak 

fn any reset ion in idiirh » new fM-irtii , |i> is produced, energy 
equirulfiil. to the rt'^l energy of the partii'le huihI lie sapphod 
( resent e\fH j rinu*nt.il evidence Uiiliriites refit energies L'< 11 * 
charged and neutral ir-mesons of 1 : 

m t - = (27l».l ± 2.3) m. - HI Mflv 

ni-,- — (’27ft.I =b L.ttjw,. — 1-11 Mrv 

m w * = f2ti.-l.fi ±3.2)wi. = 135 Me V 

Threshold erwrgy for meson production is given by the 
condition thut t fit 1 prodtn-l partii'lra h:ic>. aiu i-ehii. -<■ ■. 

enere?'. This means that ihi- prodw.■( j* move off together with 
liie renter-of-aiuss velocity. Momentum must also Ik- <on- 
.-itTveil in the collision Tn the pamroa-ray it-aHioi.i (Eijs. l-l 
Itie incident riiuinontorn is small, ho the threshold paintim ray 
el»er^>- is only slightly larger than the rest energy, or nkml 151 
Me\-. In heavy particle collisions the iurident particle nasi 
also supply the tinelir energy of the moving cciiler-of-nuiRs. 
Threshold energy is given by 1 : 

E» - 2m^ (l + (Hi) 

wlmn; m T 1 h r T-metioii magg &ttd M is thf* mum uf thn mirfcuu. 
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When if ih tiVmlujLtrH for tin iTroton-nueleufi reactions (Kqs. 

I - 5) „ thin i lin>h.n!d energy is 2H£i Mov for production of lr^-mes- 
obj! or 2B0 Mev for 

Ikunhuiiling |MHl.irifit*iiwgy inuat I*? well utiove tlie tlimih- 
oM in pr^lm i-n roFisoiMibU 1 - ini entity "T meson*. The exeitathm 
turn Iiii-n for iho prcwes* nhows u rapid increase in cross rftftiou 
with energy nlujv® the ihmdiold, Furthermure, the bomhnni- 
iiig partidiw lose oii£Tf^' by icmiEution in the material of the 
t.nrpt., m the elTeetivo target ihiekmss depend* on the pxcrsh 
energy h\h>w ibe threshold, saeul the total yield of mesimais an 
even steeper fiinelinu uf energy, To illustrate this point the 
t-otsil m&yvm flux for rijuivnlent Ittitm eurrente at the University 
Ilf (. 'Ll F.-ngo ^yrnduoryeLoirnii ilfiO-Mev protons') is about 50 
si me- that ni the lUvcrail-y of Rnihester numhirro (2-WhMcv 
prut tins). Experiments Ittmuw Ampler, and preekLou improves 
with higher mi^on inten^tk^. Furthermore, (lie reskiutd 
kinetic fflwfi y of the meson formed also depends on I he energy 

exivsa sihove threshold, ..1 it ift clear that a ^ide range in hussoji 

energy is desirable for u thitnuiKh unders! muling of meson 
proper !]sh Tn planning Eiceelcrntiira it Lh well lo rmogniKe this 
requirement for pnrlide t-uergrcs well above threshold limits tif 
the reactioFifi (o be wind ted. 

When i -ilhcr the target mirlri or the horiibLirding paitidra 
Q&£tiu& bf more 1 I ban single tnucleons, the Hires]mill energy ]& 
lower than thal iwmpulud from I (1. This iran be under- 
spud in terms of ilie inti-rmil Fermi energy 3V "f n nucleus run- 
skfc.ilig uf srweml pii.rlhk* ;tnd the average poienlhi! energy of n 
ntieli" in in sni'h il urn leus r V. Threshold energy for meson 
prorbutioti is given approximately by 1 : 74 - T Tg T V\ 
For nu-'iri heavier Uluii helium, ir-mftBOlLs run be produced by 
incident nueleon^ having energies as low mB 180 Mi*v r . Studies 
of vnfM'Unti thresholds 111 undi eumplcx nuclei reveal more alum l 
l,lii> nui'lrmi-tuiclDan hirers within the nucleus tliftn about (lie 
ir-inCHiii pm(V4is. MoM hir^e ai'eeterafnre art* now urran^n:l to 
ro-eHiTale protons Ui unlcr to simplify the inrerprointioiiH, nod 
in so far sa h praeUL-al hydrogen targets nn> l wing developed lu¬ 
red lire complexity in *1 tidying targe! iidermdion^ 
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//eui??/ jtfe«?n£ fc Tn high-energy no&mm ray ]>r+jn tsei i s t 
*; vera l other partMrs have been ol^m-d by curing the leeh- 
niquf? of copoaing photograph] r- emulmniuM to the primary rorcuir 

at hitjb altitudes. At the start Ifu^e wore classified ju-- 
rrorrihig to their different ntedianuiijEi of Lntc-rjmti. mi with mjcJii 
«d ml led by the names V\ K r *, t, etc* They each seemed 
to ite distinctly heavier than the r-mesuu am I would recjurre 
t uglier honihftrtmg f-nurgiets to produce. Some art- ub&ervrd 
oaly ii] processed .involving extii-mely high-cue rtiy primary 
particles^, ins erred from the number of prongs and the angle of 
the forward N jet” in the "starf’ in which they are funned. 
Present esl.inmtes suggest and preliminary cope time utiil result*; 
hhow that a primary energy of snveml Bev will tie required to 
form sumo of these ‘Grange* 1 partblt** in sufficient intensity to 
be observable in the presence of the more rornmnn ir-mefiona. 

Ihr neutmt * l V*particIe M Inis fur i\& Jefining property an 
inverted V-track in thaemulaioii or cloud chamber, oF which one 
pmia^ bm Hie dense imMillion ami sinnl] ^Jittering itfftrcifttcd 
^vit-li the proton^ nnrl the other has the characteristic!* of u 
r^noaon. The timiioniriritf, neutral particle which dei-ays into 
su(-h product must have a rest energy .significantly greater ihan 
riinE ut a neutron. More detailed nvideime from cloud rJuunbcr 
tracks bus confirmed the identification of the proton mi i ih'^el- 
tiva r» meson products in several instances. 

However* in some early u* ^tuit; my observations an aunly- 
jS ^ ^ 1 be prongs of n V-t ruck showed thorn both, tu fw of Ieeh 
than rmtdcnjLii' mass; aso Bul.Mjkasefl wen- reco(pihjcd B described 
as V } t k 3s th t etc. Furthermore, some uhiitgpd particle 
tracks making a sharp change in direction and track density 
were interpreted ns leading tu one charged and one neutral 
prong; the primary radiation in this case was culled a ha rued 
V-particle/ 1 The original type thru became known as a F/- 
partiefe. 

In the reused tcrmfoolagy proposed jji the Itagnfrvh 
Conference in July; 1053, the lieavifir-tfnin-nuclfKiN particle 
(hypemns) are called A-pariicles, the intern icdl&k; nuiKH particles 
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arc ladled K-mvmns mad the light mi^ns m and it retain their 
former deaignttaoufi. 

Aecderfitors mu. id&u he used to produce and study the 
heavy utirtnhlc particles. A single example will be riled in 
i IliiNt nil km. Tie rent photographic evidenrp obtained using u 
liv’droKen-filicd eloud chamber in ilin ■*--meson tieom of the 
Bruukhuven e«wmiotfnu (jape ('hap, ('d suggests lhat two kindfr of 
neutral Fquirlmlcs can be created in pairs. The few photo- 
gnipha obtained jouI mudyfced to data indicate the strong 
possibility of a pmcon* of the fallowing type: 

T " + p -* A H + 6* 

A 0 -* r“ + jj + (27 ± 11) Mcv 

S'^r' + /+ (268 ± 35) Mev f 1-7) 

Figure 1-1 is a sketch made from ?t photograph obtained 
by Fowler, Shutt, Thorndike', mid Whittcmore* in lute L8fl3> 
The termination raf the original iwmwm lrack fl.a Bev) indi¬ 
cates the pnot where the primary reaut-ion oevunsi Of the 

tvvn Y-tntek* resulting, uuo missisia of ■. pro!.. u negative 

meson, the other uf two mesons, desrritad by (he rccundnry 
equations 17). Measurement of the .n-Lilea jmd of the 
momenta of the tricks obtained from thrir radii of curvature in 
the miignntic 1 field s^ve the ('^values indicated, and lead to m raw 
estimates of ihe two neutral particles of: infA 11 ) * f 1100 dfe 12) 
Mav and m(,fl 9 ) = ($3S ± 40) Mev, Tims the A* m heavier 
thins imi'leonie muss, ami the is in the iiritemiocliate range 
Ltttwocn r-mesonfl mid nucleons. An estimate uf the energy 
threshold of the incident protons required to produce this re- 
action is about 1.0 Jfcv, Considendjly higher energy is needed 
to obtain adequate intensity and to study the prt>eeee in detail. 

Graphical Summary. Our |> resent understanding of the 
relations lieuvcen Home uf the hotter known mi clear purtiolefc 
aiuj mi Until ms is summarised m Fig, 1-2, in wJueh the particles 
are displayed on a mass or re**-energy diagram in Bev imitH. 
Fin’ll particle is indicated l>y ll Ijunzcmtal line and rin identify- 
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l-'iu. I-3. Bkistdi friiLti j>i m 1 1">mr ll ji-1 l of il-jijb|f l ■■ vi:ue m .-L hy- 
lini^en filled! pressure nlmrnheri midsized by t 5-Bev hh^gcih rc-uu 
llip BniokknvtU easmotrati Two nnulml particle* hip produced, ant* 
ifp.cjiyiiiR inti? a and a r m^oii, and tiu- ntber illtn two r wn« r 
[Ommeay of lAiwter, shun. Thorndike t iun.1 WhiLtemort ? Bmokhuven 
Nnlimml Laboratory p Suplcmbcr, 1U53.J 

intr Kvml]^!, with sLipt-r^upt* ihdi^rtlir^ tJht rhiirpn 1 . Only iv. n 
of tJif> HtuU^ an infmilt- life. LUrae fur tht- pruluii 

;j " iiuil tho dwtfmn f \ All uthf fb art? laisinhlr lit tin: fm a si ah 1 
Known dfeiwy htilf-tivi* am* lintei h n fmv wdl iib i rLt.i1h h d dunny 
we iiluM-riht.il 3 hy nows tewlirj|g the prodw-i 
purtirh*. Win w » tHHjjonkifiL; Krru-utittiH radiftiirtn wtuitj- 
IMUiios tin- itaHy, it is iiiiiLrEiU'd by iht* Hynil**| y nr v Imuck* (.hi* 
ttronva; lUr energy rokttmi tihv V-vnfm 1 ) in Am given in 
liirn'ki-ls, nthrj■ fkirtiHi'r? rphwMitl in ■ n.-rnic my* - t. A", hi 
uiv unt. Tlu- r-infflou miian is very How 

t'i Mini of f hn fl* pnrfirk% und for (hr other* (lie imw* vcJutn eim* 
Ndievrorl U> he in the flame reghiu It i- putfibb- 1 ihid wirm- nil 
f-lwfliWtnUigp ,p purlirrk^ ;!.n< ifLeiUhI in Mnj ff n -i*LrNdc, Similarly 
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L ~ mesons, 


Kh« 1 -2 Mn*fl ^IK'VtV iliMfrulii yf eiGHK 1 of ihfi bnllrr known 
purl irlpfl Llai-li pftHkJu im rwpnE'sieriUfrJ Uy a linn- ul t hi*- upprnprmU? 
«. illii! nr Fr'Mi- *!Tif!r.Ky in &t unit* md Uwtitied hjf ^ymbds litlil iJn? 
ttiH'rtJ 1 1 , 1 1 r life. ArroWH slum If in iloCAy pruuiaiaoa and prodticLe. Tlio 
liruukhiiTPii duublt' I'-event nuflidc \± uIrh li~hL aL’-piii^ri. 


i h-- A-purlHc* nr - 1 iiurlmM in |>rau kd> sKppi^t * 1 lfir 

A ,i -]j;ir1,ii , lt i 1 jihliiju^fi thi a ir pxnd miL&i vjilurK mul even ihpir 
ountrueir iut ^till iifut rhitm. 

l^igurp 1-2 tH’irps the umeftil purpLier identifying lhr 
itcvi | Hirticlf Imiiim.ihigY on ji Hums ^« aL iik fc j±ml tdiim - * the three 
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I'lflfisfls of oitalidi-le pnii-ii'Iw: (he (lighi i, ihi- K-me'son* 

{mLemicdhtcJ iiileJ the T-partid* ■- or byperunH. Our pi• k>1i i>- 
Uon reaidion is Ulujtf rated hi Lhr li^urr, lln- urn- -ili^rved a I 
Bruokhavcii and given in Eq, 1-7. This |i:utirqhir pmcr.^ i> m' 
flljeciul interest in the prcsetil ■ 'MiSosl, Hhuving hnw suHi liijih- 
isncrgy ucLiclemtors van provide (iu> mi-mw cif studying; 
tifllly all liio known nuclear particle* mu I mdieil.umii. 

If a single particle of nucleonic mnsa is to tw trreahH di- 
crrlly through mi iff dull nation llT energy* tin- threshold rmruy 
of tht- incident pm I oil obtained fium Ei[. I J> ift 2.3-1 3 k'\\ If 
ij.hHih.sjik nut be produced only in \ iji.il'Bj. in analogy to iductron- 
pfui' produrtiim, l he threshold kuiHJi: energy in jl nuimii- 
mielean iQiUtiDD w-uuIlI l.** 5 ,l> Rev. If heavy particles arc to 
l>e formed in zln excitation state of higher retit energy than u 
st&Wc nuHcnii, I■^U^vciil tri lie tme for the A- 1 partii'li-*, the 
threshold enei^iea would fte Hirraapuiidingly higher, hi rj.ny 
™ thti energy required l» produce the phenomenon ^v■tth Mif- 
tirienl intercity to be observable would tie well above I In- throttle 
4 ild energy for the pmlous, 

PruioF nf i he proiluotimi of a Lj negative pmloiv’ either by 
micjporeptur production or from some other would tn- t>f 

considerable theoretical signilifianea [tefwnmng from ihtudiurge 
symmetry exhibited by other elementary paj'i ii , lc-- would bUggvtiE 
u plane in iLEVture fur such a Negatively rhuriiuil miHonrn In 
reactions involving the mmihibitinij of n negative proton with a 
pu&iiivo proton the louil energy release in ihc renti i r-nf-i:mi>^ 
system of eomtiziatea would I® J,S7(> Mcv A variety of com- 
pc-tilig reactions riiij |>$ anticipated, yielding mesons in various 
numbers and types. 1 The scutch for new jutrtiHos |h one of 
die more stimulating features of research in high-energy psulhle 
physic 

For till the process described above high cnergh^ are 
desirable, and for m mu of them the i"nerEdcH required mny Iw 
greater than those availuhle from jiny raating ju^'olerntnr. 
High l>e:tm Lntmwtk^; equally important to obtain mitle isii- 
ually tdgnificant results. The higli intensities bl valla I *\v fmm 
accelerators inake them more Bill table than njitumUy oEii'uiTiiig 



r moli* I n l U XUCLEAIt m-^KAltCll 


13 


I'-i'HiiLir iuyw for mmn n^urwh proHwis. Bmm density h in 
par i ale- jwr ttqtiaite i 1 rri per m'Oiml, B 10 U la itf Limits higher 
E him. I he eoHinic my flux, even at the top of the jitmoHpheretv 
I'Iuh in mil 1u my llicii -is ^alemtcirs oFe likely to take ivytt f.hr 
entire eonmie my fluid, The f *iyi end of the rearmr my energy 
Hjn-HniMi I. > 111 1 eh 'ft vnn vu|!h* rxewb by itmriy orders of m&%- 
Jiimde ilia immi uptimiHli' energy eatinuiten by m-relenitur 
-h -iiiii^rh ‘i 11 ->J , at I'OTiif'i■, slihiie* af the origin ami pro|sertieB of 
Che eoHnlk rats offer si enntinnijig ehallenge for the eusmic ray 
phyniriul-. 

1*3 ^ I erscm -Pri hI lie i n £ Aeeelerator* 

I hr save rid jmit-lemtora ulreudy iii ^ rviee in the 200- U) 
iViil-Mev energy range have added tfrciilly In our knowledge of 
elementary pariiefe procraHi'ii* Proton^ from « viiehrocj^Iofcroi \& 
j m m lure 1 urge i Ml etiNil.ien rif poaiiiyt 1 arn I IregaI ii* ■ r- 1oraon*} 
tun I I he [nxwj nation of tienlm! tt- mesons villi i fur Ihiivernity uf 
California 1 84-in machine resulted em the first precise meafliire- 
meni of the properties of thin new particle, Kleetn:m sjmehro- 
ti'niiM and Jir 11 »:(r sn-f^feriLLiii'H produce m^arifi through photo* 
niiclear pror^^ (E*]s. l-l] mid offer a hope for the future of 
very hif^i-interim ty meson beams, 

Me^pai prohlotion efficiency fesritatifin fiiwtinrua'l and 
Turnon pnipurtietf suck an muss and nraan lifetime have been 
^Liile ju-eurately fMeauncd. Cmi A'l'toimw for interaction of 
|!MHlivr in Ml tiegadve imholh id Hi protntis ami nthei nuclei 
have beeatobtained for mesonenergiesup to300 Moy* Angular 
dhfribiti it mu ^Wrvtd in Else aejitUBiiag <1 nit-suits hy nucleons 
mil U- iuMpivt.iil to show the range and other properties uf the 
it imon-nucleon fm-re, uf other I'spmmenU have con- 

firmed and extended the pedbioii of cnsmii 1 my nervations. 

The Bm»khaven cusinul ron, a prolan, synchrotron capable 
of ihtn hieing 3 Bel protunw, knit been in operfttioii simw 1^3 at 
2.3 Rev, and ha^ hrenMy rtwlied lltj desigmal maximilTU ^nrrg\'. 
Vt Berkeley ihe H^valroit iipproArhiiig eomptatiflii; it is rap- 
iible oF reiiohing mill liigliE?r etiergie^, of up in 0 Br v r 

TixjMn“iiru:ulal tx j N Ktch with the msmotron undrrwtiy im 
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nmuy froms. Tkmd i-hamber pliukigmphu in hidi-pressure hy¬ 
drogen ^}n\v v . shown evident* for A'^iartLrK multiplr im^an 
proriurtioii, Nlaaiy-pruiitwd sluts ritnl ot\iw pile N trim-fiu, EEre- 
trcmi , i: hi * i a it illutio-ti crystal enmiters in euinmdein'e eijTuiln lutvc 
hmi used in iilisf-nT ■■ burned meson* Mini \n study the inler- 

i l* I ion ims section of melius iivilli nuclei njHn 1,5 Her, Nu- 
vU'fir i-mukioiis -sIluw a variety nf phenomena, iminding mtiK 
liplc^pnioged starta wmm production, mu I mmt' evidnure for 
aomv. of tho nure heavy mesons. 

lot VIniti-lti i Aivderalors 

r l'he role of hLgh-encygy ftETetnmfor^ is thf study of ele¬ 
mentary pjjrl.ide prnceaBes am] of the short mii ml-■ prajftrMi^ of 
ihe fore* Sh^ween such part teles- Tike niielunr fni'eiy which 
hi inis inulfi l.ngulhcr llch I kinds to the cumt'rjL ration of energy 
released in htfjon and in tbernemuchinr proi'es.-e.-, [h nab very 
imperfrmjv mideratutid. Information eumiim from the dudm 
fearalitm of nuclei Lind Bentteriug of prtriielfs nt lower energies 
Inky Iwh-ij ] ry and vuluiiblr, I ml itself appears to he im-im- 

vtuaive. Thei'e is a growing i-onviiTiioii among thooretkail 
phyaidatsi that n complete de&cripLioti of nuclear forrefl wilt 
involve meaon Helds in the nuWi'ii* To study meson properti*^ 
high-energy ftsa-olendors are es&eulhil. mid srientSsfa an* uliaek- 
mg tins problem with u ramaidernMo mjiul* f-t ■ f 200- to StW-Mev 
arcelemtorN. ft i> uko probable llml the *‘strung-' unHtuhk 
partiek^ must l>e studied intensively iu order lo undi nstuml 
mes'un projierlios. I mergies required h-i further pmisn — in the 
unstable i^irtirle field are in the range above L Ifev, where few 
uf l.he piTflunt nuirkinite ran go, 

The real hope for exploring 'lie mijlibbilJiim-voli mnge 
seems tn lie in utilizing the prmriph' of uilfHiiaiing gmdivnt 
focusing' 1 or ^st-rcrtip'ftM'iidtig/ 1 in tin 1 proton yvnehmi ion, 
whirli mates aeiiideVators of 10 or tuutv Rev ^ iinumirallv prne- 
Mrtil. Tlijs ilevelopEUpnt, initiated ul <In- BrcMikhnveri Xatromd 
Laboratory sii I be yammer uf 1962, olni - : l prarliml mel.h^l ul 
reiluring i Tin at this hi^h-energy nifigi.-. 
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Thejn^vcml accelerates mentioned will lie flrasmbwl 
9 M the i-hupR'hJ to follow, incjuilii^ the profit stjigc tvt resign 
l i>ii' iln- Tronic fusing Hynclirolmu. Hut first it. nrkteuhln 

1,u iliseijra wornt! general principle of m niton of port idee whirii 
Eipjily le> alii high-energy aiTO.li™iyi>ra, Tbntu- fnui l« < |n.sr s riSw % i I 

III hTHkw d£ llie equations of motion sum rl include the p«q)teticB 
uf j LrJ i and Hrt'fnUi c^rbits in mofpitrfir nud derttrir fields, the 
n.Hfiimng tonnes hftult-iug from rt’rtuiii rnnfifpi rations of ihcse 
Ha-Ms, jmd the ueveml |imiri|ilet> ul resonance tuid synchronous: 
-.nihility whiith i'Jill h k rolled tin to znretenite the [mrtieW, Wtr 
-,lun, ilirn* with a brief sumlyais of the equations ol mtilinn to 
iMim a 1 he problem and to Jintiriputc ihe principles of iNign of 
11igb-cmsrgy accelerators. 



CHAPTER 2 

Principles of Acrrlcratitm lo Hiph Energies 


dmrgetj piirtidfifl are itreelemted only by Heetrir fields 
and in the direction of the tieltl Cfui 1 (waitively charged |mrl.ii s ,h ii ij. 
Muglieliu Adds exert forces ad right to tin' direrlitm o\ 

particle motion and cannot dmngc the energy., exeept ill rough 
time variations. Both electric ueuI nirtgnet ie fielda arg qumi- 
iitiea Hull vary in direction mid magnitude u> a function of 
position ur of timr. Kleetdi field tf Etne i-HtahliNhcd by arrays ok 
electrodes on which suitable potentials mr iiupriuHvl. Mug- 
tjeiie fields., in m-cBlcnUoi^ are u^ijilI ly develop'd buuwn fV 
pule faces of jlu iron magnetic circuit whirli is purred hy 
eorreiit-csurying mils. One purpose nf the uuiguelir field 10 
to produce dreular orbits of the otherwise extremity long par¬ 
ticle pailts, t m jib to confine pairtSidi- motions within a circular* 
evacuated chamber which contains the arcrif ruling u [tetrodes, 
AnulJier function ja to provide restoring forces that restrict 
particle motions to a region done to the desired circular orbit. 

The general motion, of a charged particle acted upon both 
by ebctric md magnetic fields which may vary in ihrerlkin, in 
magnitude or in time, can In* extremely complif-uln I The 
particle obeys t he laws of etarLradyiuimii 1 .*. in accordiiliis* with 
the equations of motion, In principle, if the fielifu are known ai 
every point in the path, the complete trajectory of < 1 1 r p;uticlc 
from source to target c;ui i»- computed. However, (joint 
by-point ealculatlcma of particle motion would Ih« mi impuMteMy 
tedious tank. It is necessary to miaplify the application nf rho 
jsjiinlimis of motion. 

In idl practical accelerators friinpUTicattrin of 1 In- million 
results from symmetry of (he fields. Whenever cloclric 11 ml 
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magi ji 1 Lie fields are used together, their major c^mt>uiie,n1* are 
en^H'il a 1 rigid lihgleH la one another, The remitting magnetic 
four li i the ^ime pluJii j iw flu 1 electric* unr [crating few, and 
I i.'iitieli' orbits are cm dined to lliin plane. Field mmpuivtnlfl In 
Ollier >Treriiiin- are enmlk-r in inn^nitude riml iimiitged in tie 
* ymiiielricid a t ami 1.1 lc orliii plant n* lo pro vide restoring 
force* for (juTth-lei* which dovisilc Irons ihi* plane. Sueii w_vm- 
iMi'Sry resull.n in u lorididemble Muiplifirnlioij hi solving I he 
HHniatioisw of jiLi.itiiui The orbital million of particles in the 
I'i-nLrol plune can he considered separately, and r.he additional 
iimtiuiis due to the minor compuDciihi of the fields ran be 
1 vented as small perturkiLLoiti, 

Another h3ki jjlifii-uiinn reault* from the repetitive iiinurc 
nf luvrtamtaun in lugh-energy accelerators. In the rirailar 
magnet ie iiritrlcml.on the purtiHe# make many involutions over 
almost klciitirul orbits. The relatively nluvi variations in 
energy m orbit radius run in 1 treated u* aroomlily varying, 
ndinlml \r FluLtigeiH, hy allowing reriitin ptLrumtder-H in the rqua- 
i it urn of motion In vary slowly. finch vumlions can (hen lie 

-u|ifiinipo^;l iin 1 Im equations i>f urbilal toot. without 

acrigus error. 

2.1 Itrhiiiviftiir Equations of Motion 

AJohI i■ f ihr mini cm high-energy uerelrratonip *mh or- l hr 
cycled mu, the syiiehnjeyvliitrmi, rhi■ betatron, the ittfertrun 
-vnrhrui rim, mid the pmlim Cor J'n'H[ucni i y-mfHhLJjLted) syu- 
dirntmu* use magnetic fields in produce moihm in circular 
orbils, The equations of motion an 1 huidiiiiientally the rsutic 
< “ylir111rii'iil eisonlinates giro the simple*! formukt-i-on nf tho 
cq nations nf motion in an axially syitmtet ric magnet ie hold 
when 1 the aefiokrating rkvtric fields iltt* applied tangentially 
and net as torques about the usis nf symmetry. Wo will uhp r 
for orliii raiding frvr angular pwfilhm, and i for displaemnent 
Fmiai o median piano, as illustrated in Fig. 2 - 1 . 

Radial motion ean he described hi lernis of ilie neutral 
L'orec on tJio touring particle provided by the axial magnetic 
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t'm. 2-t Cylindrical I'iyirdinitcs of mcslion, r, c, 

A fiiirlidn orbit Oil id Iih!< : liahnwn rptatlvr U Lite minliiiri 
jitajio Cdnlteti 1 !m) Jn a unifiirni ninjEnatic Held, 

Fj = mf r - n'H,, whrrp ni, r, ami t um the mass, 
i , !uiU 5 P r and vplovily of a particle moving in » i-imiLir nr bit < 
in a field having mi nxiiil component H. We need t« si iitly 
tile rliange in Dm niiilaJ motion due fn vu mil inns in e. if, etc*., 
ifn 1 deviations from mi ideal ciirnlur orbit, m which I'twso tin. 
equation of motion nn Ik* written: 

eft 

m dP~ m T~ a B ' 

Wh iifsc & *= u = r/r fur angular velocity* mr = m tlr/iU for 
radial momentum ami (real ihe runs* m a variable !■> ilIIi ivv 
fur relativistic rhduges The time rate of Hmiigc ol radial 
UK Hue titimi !*t-ro me*: 

j 

'■ lf Cwfcf) - nirf’ - tr&R, (2-1) 

Angular motion is elescrihed in term? of \\w time rale of 
etwtof angular munit-nlum (t(/tif}{mr £ Q! and (hr Um\nvn 
Ending to change rhi^ moment,uttL The torque due to the 
it]i]]lied electric field can he expre^^] oh drf/d-M, file work die 
dnm* op the particle in hpi angular rtiaplncr merit dfl I'fic 
decelerating torque dL/d9 ts the energy taint hy rfulkttari cim- in 
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lU* 1 i in I i Ltl ,m re lei Mon *il the chargeil [lart.irlr in ilH rinnlnr 
mbit. A ch r n 1 torque \s ■ lm• Ln the induced electromotive force 
luuhh! by any eL iahi^ rmmtum of the magnetic Hux threading the 
- Mint, i M 11 1 llhi energy involved IS - (dQ/t ff) per him or b 2w) 
i>Mi itt|i per rudiun, where 4* is tin? flux through the orbit, The 
m-incral equation for uuRulur motion i* given by: 


</ / * n rfto rfi 

Jiv ’itr/"# 3e 


(2.2) 


Axial mocoaritum is affected only by axial I'west due u* si 
radial cam pi i ncut of magnetic field // r r tim\ is dram lift! as: 


-- {mz) = trOB r (2-3) 

di 

hi the three > r|uati<menf motion at wive (Kqe. 2-l r 2-2,2-3) 
mtimiuliiecl mkn units arc used. Tin 1 algebraic fligaa apply fur 
elrelrons: fln-> can In- adapted to | nisi lively charged purticlttg 
by changing the sign of the charge c. VII the intent ioradly 
applied VArifttinrts in the experimental r^mmelere are include) 
fur all the circular ne^derainrs. No terms have been hi- 
■■ hidi'ii* however, to represent physirttl imperfcction-H in the 
i xfterimcnud apparatus. ]1 is a^umsai. I • >r example, 1 Uni I he 
magneth Held in Kymmeiiieal with Angle. so no lenn is in¬ 
cluded aaM*cnttcd with tin azimuthal component of field. Be , 
It ]d also Minted that the field jjh symmetrical about the 
median plane (z = 0). Furthermore, (he ripintions will tio! 

• how tin* limit jLtionfl to particle orbits duo t» the physical walls 
■ ■I (lie vacuum chamber or to the finite extent nf ihc magnetic 
fifllA. 

Completely general solutions to these equations of motion 
would be imact-f-awtrily complicated and of questionable value. 
\\ v shi'cll analyse the equations first \\ it Si regard to the separable 
Components of motion ami shall derive the simple rehiliuiL-s ap¬ 
plicable to individual wtihhiiw. 

Consider first the orbital motion flescribod by Ecp 2-1. 
I'lte simplest raw, that for mi orbit of constant radius* comet; 
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by Iftting r = u, und we have: 

mif = m« = rB, (2-4) 

This is llir fiiiidampnl*! relation for motion in u drnilur orbit, 
nuii'c- commonly expires i in terms of 1 Ur cell wily in ||u> fnrm: 

mtt « eft.r (2-5) 

Another foufi of this equation involving the frequency uf revo¬ 
lution of ilm (wrlii'les in the mbit, / = 2f, is :hr ryrlolriui 

resonance relutkm: 


U 


2rffl 


( 2 - 0 ) 


The frequency of revolution will In.* n coiietuM in :■ uniform niirJ 
steady magnetic field if I lie mas* of the particle remain* con- 
stant; this is true only for nonrelttiviatii! velocities. 

For ins'll energies we imisi uhi« the relativistic vxpres>4<iii 
for momentum: 


fflp = ~ A?) 1; _ [F(T + 2E t )] l z 

(5 


HeK 1 /■' ” me' is the total entsfgy, = »nc in the pcirtifli- 
rest energy, and 7’ is the kinetic energy, following the definition, 
E - E a + T. 

Fsintr Shin relation we mn express Flq. 2-5 In limn nf I In- 
orb ii radius: 

[rcr + ggjF 

'«& lw ' 


When E v urn I 7’ are expressed In Met units and It, is in w-oIht.h 
per square meter funits of lO.IXNi gauss) thin liermms: 


r = 


inT + MS,)] 

300/J, 


,la 


meters 


(2-7»i} 
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U VKLLCRATIOX TO HIGH ENERGIES 

Value* of rest energy. JvV ~ m» 3 , in Mcv units, ure given 
Mow for the purl Hen used in tuvelenifora: 

Pariidr H*'Pt /Pijftrtw Eq . Afe? 


Electron (3 5t 

PpltOn $3$ 

i h ii 1 -*•; <ih 187>. 

Hydrogen multviitar lupi 1870. 

Duiihly Eop.ise.BHj IipMiiefi 3733. 


By rezmiiiiKi'iiutfit of Eq.2-7 ihv kinetic entity is given h y: 

r + 2 TE U = cVU.V (2-8) 

In tlw relill I visile limit where lhr kinetic energy /' is yen' 
large relative lt> res! energy h\ . this ret lure* to: 

T ~ re/hr (2-8n) 

This dhows the proportionality M.ween kinetic energy and 
momentum, ti,r, at very high energies. 

hi Table 2-1 a few typical value* of orbit radius (imputed 
t'rom Et|. 2-7 are hated to show' the diinensioim] requirementa 
of ui'ndemtoTS. fin using Ef|. 2-7 for alpha particle* the charge 
■ must U- doubled:. 1 N’lite the approach to a linear relationship 
mr i'lef-1 fpnfl ai ipiio low energies. Note iiian the converging 
rlinoeiidiuhs for electron and Iwavy-ion orbits at high energies. 
The relativistic expression for orbital frequency rameB 

i<iblr - J J, ■ Mini riiiliun fnwltsrv hi it iiijignclir Mi■ I■ i ■ .f I wibA.iq' 


T, Mi y 

Kipglroma 


1 3ruL prims 

lip 1 ‘ iLinp 

1 

ii 00473 

o m 

El LIH 

0-f44 

10 

ii trim 

U.4M 

rj.futi 

0 4 54 

im 

n sat 

14* 

2 « 

1 45 

1 EMXk 

3.93 

fi m 

7 2li 

4 85 

iLfcHIO 

33$ 

35 3 

3li 0 

22 0 


MK-li-KNTIHGV VTI I I rr UVdlS 


22 


from Ecj* 2S by inserting Llie energy njui valent nf tin- imi.v 


r = — 


rli, r * rjt, / 


ilF iE, 4- T) 


2SrWfl VI + 7’ ■ A’u) 


+ m) <*•> 

Here ih the rionrelutiviHtli- rydotrun fn-iummy, o, 1 11 ■ !. r.,u 
tw-pcmsuJpral -.t of ilit- motion. Kiju ■ .ji 2-M hnw 

the ukuinge in applied rrcqui-m-y netPHbiiry tn n.h.. 

in the uniform field irf u bytiehnirycloi inn with im n .l ii l: 
particle energy. 

Orbital frequency can nlew In* express I in irnu* m urhit 
nuliua by using ihn relativistic relidimi Im velni-ity: 

/ = sf = ^ _ s;[ 1_ (r. tt)T «■'“> 

The numerical runtit&tif m readily evalmiirij V. h ki ■ y. n.-. F 
flchI /:'ii are expressed hi the same wiii--, ami / n ml mi-tei.- ac 
have; 


; = T 5 [ l " (sTTr)] {2<l<k) 

A* an exompk;, consider high-energy electron in im orhil nf 
I m nidi us in n Mynehmtron (the mEignaih lirld n ui.il Inm I In - 
proper Viilup). t\»- energies above u lew \lv\ the ;-wimil lerm 
involving tin* energies botiomea negligible, mnl i In- fivniirht^ 
approaches » constant value of -17,8 Mu/jku. 


Tuhlr. - J -f E i rbi 1 :il i roqucncy ^.Vl i.\- urtn) >u 1 «\ ■ ■ 1 .1 ■ i m 1 


T, Mev 

titeul rmkH 

F nitons 

1 inutcrohn 

i h ■ ■ iHin 

3 

H a 500 

J5 2 

7,00 

IM 

W 


15 2 

7. on 

7M 

100 

34*. 

IS .a 

7M 

7.4(1 

1.000 

H 3 

7AB 

5 t» 

d m 

10000 

1 .43 

!.-» 

I 22 
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hi Table Li-li 1 4* few l.ypitskl vidues trf urn rotation fruqu^iiry 
arc listed fur the hi j vend purLiulcft. The magniHie held in I 
mlwr/ni', mMi I I In 1 orbit vui.Lie llit lIiqmc 1 given in Table 2-1. 
NoIl- i In 1 run verging viiIuch uf fmiuenry for 1*11 pifl.irlus :U 
very htal> cnergieH riif tiM-uUi.hl fret[iipiirie.s For ■ LiIT<<i t• 111 nutg- 
iit'tii! Iloklfl Etri- irivvswejy jin ij n^ i hjiulI n« ihe Hijx density. 

221 ( Irhitul Si.iliiii e \ 

\m uddiiinjm] mijtii remold fur luvelemtors b ilud ihcy 
|ii^viili ! rutfuniig forw^ joi iwirtirlf'ti ilirM rleviaie from the 
i i , il1i"iI orliifl. Fin’Uhi^ (ori^« inv e&scnt.irLl t.n prevent. los- of 
Wit' lr:iLh riLX^iiiKt the i'Iem ml ht wzdbf while ike particles are 
iraveraing their f.h.iUfl&iKfo of revolutions* in an Eihdolulelv 
uniform njjufcgnftih- field el particle making il small angle with 
ihe plane of I he orbit would irjiverHc u hcliiviJ -spiral, and the 
uviJiJ diaplai-rmrtil would incrrzi.He Iinl^ltI y with The numlser of 
rcvnhiiiun*, Furthermore, null id diaplurcmenl^ of the actual 
orbit may ck-vm 1 which would eausc the particle to tie lout agttkigt 
(lip aides m| iIn- L'EtrijtuiL I’lmrnl h'I-. Il is essential that the m|j- 
plied elecim and magnetic liekh provide suitable rcHturing 
forera Ell focus the pnOich^ ilIn.hU (lie rent-nd cubit., 

Snail rrotnriug forces will v\\»\ in n magnetic jh'hi u'kirh 
fkmmw in mtigtfilmh with iucrrmiiig radius* In thi* lidd 
I in- lines uf magnetic Bus are i-oumve inward. Thin connive 
shajfc* is the njituriLl shape of siif nrujjpietic field ci pji r the periph¬ 
ery U-I w^ei cylindrical | h lies with Hal. face* and in billed 
“fringing, n in other regions thin sliiijie can, lie uchinved by 

■ i!HilcoN-iii|r the pole faces m thai gzip faigtli im'nejLse*, and fius 
density deniEiura, with inm^iog uidm*. Figure 2-2 is a din- 
iirEi.ui of 2 i mjigiLHie field betm-eti cyclotron pole faces commieily 
uhihJ [a i ill n hi mir this concave field nod tJiows the direction uf 

■ he foLvpy i in charged parthdes moving in orbits above or taluw 
l lie median plirne. 

rhe direeliim of the magnetic for^r on the movingpartidc? 
iiomiai in 1 hr Uhio] dir^r-tion of the magncLir' flus_ For pnr- 
lii'le-s uhme the median plane It. will fcmve u downwanJ compo- 
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tifi. Z 2. Rftttorin^ fur (NUllt'li* in t»rhiI p ahrivi? or ImIciw 

L,u? med\M\ jiIjuju in tiw radially nugiiAtiu field o£w 

J Kn flat pyramid uliiiiu rihuwii m slit? i hlmmifij i Rii|is *ro nrrzus^i'ii in 
provide it small radial datirran in field in Uu? I'cntar tpf ilw bfliweim 
pnlp.e. ftiup plums tii the perififtajy increase ikr m^iaa (if Lkttefiil linM. 


nti:nl r owing to the radial component of the fills B r ; runwnwly„ 
jih upward force ia exerted on particles Iwlow 1 Ho median plane. 
Hie radial component of field h zero on the median plant 1 , 1 nil 
[ur Jill other lucatiuua two romponcuts exist, /? x elekI H r The 
magnitude of rlit? radial inmjNjne&t irardcd To pnivkh- lulerjutao 
rtatoniig forces is simill. and (lie concave fSus line:- have largo 
mdn of eurv&l&irc rebtiv® tu rthplatimnents from the median 
pinrte^ hence the uhajut of the flux lines near the median pin no 
will approximate area nf vitvk^ ami thr radial eumponent B r 
will 3if pi'oportioiuil to the displacement This proportion- 
aKty will Iw evaluated below in terms of the ‘'dopn 1 ’ nr mdtnl 
doriraw* of the field. 

A radially dec reading field ran bo specified it) tern vs nf jiji 
index k whirl) is the exponent of the Ttiriin I variation: 

B. - KMr)' (2-11) 

Hdts lirt us the fidtl on rile median plane it ihc nri.it r„. wtd H, 
the field at a nearby radiua r. The index w. which define the 
rate nf decrease, ran iw obtained by diffc rent inti on, mh: 


n 


tfB, 
tttf* dr 


( 2 - 12 ) 


Ally fXJHtiiivi! value <4 n w■ LI product’ the vertical restoring furcra 
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rh^rrilu-d slIhpv^; a vstlui 1 uf t , 1 = IK replants a uniform Hold, 
with iiu mdinl vnrini i«n; el vsilnt? of is - l a field ivhidi varicti 
imrmJy with Lhr lirst j timer nf ihe milium. 

We urn misaideriiig mugucliir fields tttmilar Ut lliune in free 
ftjiiwu and ur-r ne^kicting lime-varying Heririn nr m^noiie |k> 
terii iala, Foreudh ma^nel Ei-statin nr il n.mHemitive" hdtig mrl 
H = 0, am] wr hive fur the retahoh lietwem eui upon pitta: 


dB* _ tlB r 
(k dr 


[2-m 


lly inU'Krulin^ and a-mg En 2 12, we find far the ruitiiil coin- 
I!■ it 11 ■ 11 1 a I ii displartmeiil z ftotn the mcdntn ptntw-: 


Br - - 


flUjZ 

r 


CM 4} 


The ii-Htnrhig I'ttmponoTil of Fwre is given by: 

F* = rt'B, = = — * £ t (2-15) 

Li is rlajir ilail the- vortical restoring ft ►rocs i« proportional to \hv. 
ilisiiLut-mt-iLl , lending m nNdllfttury motion abouL tho median 

plntiLv 

JtadiiLl rratnriiLg forces iilsn exist in ihi* racliftlly heri'Csaing 
» 11 ■ ].J E'liif radius of (hr I rue, l.hecnrti,ra| orhil given by Ekp 
2-7 h anil in n rvtodrioaliy Hyminrt riral magnetic 1 field the orbit 
will trf- liHtntfiil %%ith its neuter imnQpntric with the ittOitiagnetk: 
eireira. We will calf this the ‘equilibrium^ mbit and label 
it t* radius . A particle thtu deviate? from this orbit and m 
tempo nuily at ll Larger radius r will lip in a reduced Mugtjelit: 
lidd li T ; heme tin- magnet rr: force j in h Lining motion in el dr rite 
will In? lesn. The s-orwerw is true fur a part trie of the tmnu 
energy which lb physically d lap] need !o a local ion of smaller 
a-m lii is- v. 11' the moduli in In U- s1il!sIo p I In-re must Lh. s restoring 
fm-cra Unit will reins'll ibe dtivijint pardeto to I he equilibrium 
rai lim r e , 

Under certain conditions the centripetal forte producing 
isiiiticD in ji drrle wilt Im- Buffirii^nt to eauats th\* rtrbil lo return 
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to its equilibrium radius. The limiting, value uE decnwt* of 
(it'll! wit 1 1 inilius litr which then- will In 1 :i n^niiiK action is 
that fni' wliifli tht- hi'lil H, allows Mu- | Kiri jrh* m cunt imir rutjit- 
if'K in ii IIIm ■ itrlii lim ins the diapinoeil nidiu* r At tin.' ILinir, 
nim i- iNirtirlc energy « the samp for both orbit*, we hnve the 
relation; 

B t r = /t^rn or H, *> BjfaJr) ( 2 - 16 ) 

This limit repugn i s n liekl for which rim Mdii miles ?i = I, 
Any field in which the ilcere-ase is slower, i e.*,, varying ivith mi 

exponent less ... will result in a rent npetal force atif- 

fieiimi fo restore the orbit to its equilibrium position, 

Another method of visualizing this nulml olubilily is id 
commier temiMJmrily u cnordinite system liHvited on ihe iMiivsjig 
particle, In i his system the magnetic for-i*\ rli,r, is 

directed tmVHTfl ihr tenter of the orbit, anil the D’Alnnherl inn 
‘Yen Hi hi giil" force, F mi is radially outward. Thi'se 
forces will In- in equilibrium at the equilibrium orbit. Now if 
the magnetic field ilivrcaaes with iurrcnsinj; radius, ihr magnetle 
force will l>o weaker than rhe centrifugal fnn r hir r < m and 
stronger for r > r u In either race there will he a act rMturmg 
force to return ilie deviant particle t« tin equilibrium mini. 



S-3, D'Alembert 1 tin ffjn*ua m-llng nn n p^riirli'- in -i rii4ittlly 
fffic rolling ft eld B m Thu Tltffc Foivc ia directed l.nu ni-iE E 1 11 ■ iNjuilibrlUfn 
orbit for part, k lea in both liirgfir and amdlftr urMia. 
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L’liiri anyumeiii bi tiJustmUnl ^mdtt.fttiyely m Fig r 2-ii, in which 
/' ^ U'l i i 1 :!-! - inversely wiih ruiJius mu I F m dii-reuse* ul n slower 
14 I i-. For -stability the mugm-tie field must- nol. derrciMe more 
i j jiii [J\ i lirt pi with I r t Ibr whieh n = | p the .stum* rumrkijsjuii 
wns H’rH'litHl admvi-. The mooting fnrer, which r Kl- differ* 
i iin liL'twwii mad F. , is to u good AjiproxinuitkHi pftifxjr 
i j• ■ 1 1 : 1 1 '*■ rlii' disphleetaieul from \hv eqinlihriuiTi -orbit. The 
i-i u.-poj'i ii iimln v mnflinril tuunni l»e olitftmod in ;ls simple :i 
iNi4.UEii.-j- ns wiifi poMriilil<? fur the VErtjeuI rratoriog I'oitps, hut mn 
hi- derived (mm the equuliot^ of motion From I he qmdil.Le 
Hve i'' li■ i3i h i 1 1 adnave, however, ii is elem- ihul the nr! mdinl 
r^iurifig force is proper lioiml to the a'ndiiil ilispbceMenl from 
iltfe- equilibrium orbit; 

F* = ( 3 - 17 ) 

where p r — ft, is the rudiiil disphu-emenT 

The i nneliisiuai from lids argument \n that zv&toriiig forep.s 
e\isl in ;i mdisiUy deereaising msiguplir Held fur pnrlieJe.H dis- 
iiJiLiid xeriirnlly from llie tnedkn plnne tor value* cif n grew l ei 
ih.ui iuid tor rmlkl d^iljjnmieeiis from the CfjUiliFrmm 

m ho :■ .1 i ulitvIlf ii thiiia unity 

2/A Fn-r (iimr- 

\ftrftm i tf i run mtjvtrifi ruid*T n rfyfnrhig fora trh frft r* prtr- 
/jer/r'eied Uj lb tit-'tpkwfmt'iil fd fitfriftriforj/ /n itafvjv, For I he 
uuHiul jmd verlirid dkpkeefnenLs mid lesluring foree# desert]ied 
iit tine laud seiiiujip lIm? oi^eiiliHory motion mr\ HeffrrUaed by 
i he differential esiimt juris: 

j? + v>; P = Q ( 2 - 18 a) 

~ t + A - 0 (248b) 

Here uv and ore the oumilur frequencies of the two ciseilk- 
iioTka, These aire the “betatron" r or Free o^niUafians of n parade 
in ii pud J Lilly deer rising field F in whieh 1 he mte of deereosE- aj? 
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betWBfa the limits p ven by: 

0 < n < 1 f^]«) 

The derivation ui these nascUlutinii frequencies from i he 
equations of motion (Kqs. --1 and 2-3) ha* banm ^in i u by several 
writer*, especially by Ker*t find Serlier* in their theoretical 
analysis of the betatron The results nre: 

«r “ (I - * or f, = (l — n) 1i3 /c (2-J93h) 

= ra l/a wii r or /j ■ n'% f2-20b) 

Here/ 0 is the orbital frequency of ion revdutiim given by Kq. 
2-0, sometimes known the cyclotron frequency, The result* 
show that these free nsrilkifinn frequeiirces Eire in but U rim^ 
smaller than the orbital frequency; for the ape^ajil of ?j = 
0.5,, they nrc equal and are given by: 

/*“/, = OJC 17 / 1 , (for n = CJ.5) (2-21) 

In general the purtieles traverse more than om levulutiun be¬ 
fore* completing a full OBciEfttiun cycle in ritliri the radial nr ihc 
vwihial eoorrlimite. 

Such free osdlMiotta b vertical and radial position occur 
fur particles dispirited from the equilibrium orbit in any triiig- 
netic aer^leratnr, As long a* amphttuli-. nrc small ciinngb lltu 
results eim k> -.u|wrimpuK?d on ihe orbital mot inn wiihmil 

serious error, It cmi k 4ioun p fur example, that .- n Mu? 

cyclotron perform fflxrh radial and vertirnJ iiHriLlntimiR, and that 
these uHeiLlntimiH in fact limit* lo inn beam intensity* Simi¬ 
larly asm-! 1 betatron osdHat inns nmir in hvm hmtroiis ami m the 
aVTH'hiXH'yeloiroil, siqKUimpfkSed mi rhe much Longer jirriiwl 
pbndr riHeillatirms tn k dc^rriltrd in n following hd-timi, 

The properties (if the iree OHfilhilirmH can In- lifted 

by considering the limiting ici*c*. iu n uniform magnetic field, 
for which rj = (l„ a particle displaced radinlly from its mrighnd 
circular orbit will still describe a circular path nf the same 
rstdhifli cftxHing fclm original orbit twice |wr revolution: this mn 
be deflLTtbcd uu a radial oscillate .. frequency /. En thit 
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uii m■ uniforlii Ik>| iI a ]nLLcJ-in 1 1 l- iljgplap'riJi by a iliwlrtBir 1 ^ 1 fl*Otn 

ii: 111 plane will mlsite in a parallel orbit; this is h wrtirrtl 
< lint Lon nf freriw.-ury fi = ^ ^ l hi: other of l? — ^ 

Mir hf*[cl viirico iiiverMy with melius, so Uir pft«lurt iV 
iniLsimil. A juiri-ir'l^ r kL‘ nimm-nUun mv --- r/l E r ml) tmvtrae 
roimntric tilrcmlur orbits nf suiy railing* mmiw Unit llie 

ndinl osriibitbu frequency m Jero* FmailjK Rinotr Eq. 2-14 
.-In a v^ rhtfct the rrnli;il nnnpoTuail nf lieUl H. vurir-H <liirH ly tvilll 
. for n lhax\ melius ut n = I , the vorMrsil iwillAiinn rmqtusm-y 
will lw sclent i- IlI with till angular lrcT|uetii y /* , 

f l-ioiltfitinh amplitudes an; humioiLsr futiiit-uins which are 
aalutjoiig of ihe cijimtiuna of motion <Kyj. 2-lb'; 

p = P cos [2-22a) 

z = Z (2-22b) 

The rnHximum amplHudr^ P runl jf, am 1 utiaociatNL with the 
trmisyerfft? energy in the u^ilUtLions, At low energies we <uri 
^ sismBe 1 Imh energy ns: 

Hi* fi - (2'23a) 

Hm #5 = (2-23h) 


where K F mill A, an- the usirilktiiiiL Force l un-slimM afivon by: 


AV = (1 - n) t£/m 

(2-24u) 

K. — ntal/m 

(2-241,) 

Frmn Eqa. 2 23 an<i 2-24 ut* flml: 


» m ™V 1 

«t a - nr* 


y = **>* 1 

” n» a 

(‘2-25W 


rhf energy in these traanvetw osrilklkmfl anscs from er- 
r^rs in direction of the Ixkm nf particles cumin a from the 
Miurt-f- at the ilart of out^leratioti or from aayinraetricH in the 
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magnetic or electric Avid*. Iji most acrcleraioffi she tipfcflnre 
available hi the pamde treEim deburjuneg t lit? initial inaptitude 
mil energy, (^amfuJ design r<> produce ftVtumcirrcEil and imi • 
b>mi fields will avoid further iucjneM) iai urn ita lion Hierjsy itiiriiijq, 
arneEciutiuj]. However, as Ilie particle moves into a region of 
higher n (un iil the eyeiotjroii), the radial amplitude iiien.'iitK* 4 ?* 
ami the vertical amplitude deiirpaare in accordance wit h Eq^ 
L 2-2r} r Both f he^e changes are advantageous in (ti v cyclotron 
in that they simplify the problem of deflecting mi emeriti 
beam. 

Amplitudes also vary with iurrauHtng magnetic held (as 
in the synchrotron), follow iriu: the line-nr variation of orbital 
frequency with field given by Erj, lM_ If rise field B c hirreoscB 
with lime during acceleration, ^ inc rentes and a|ho the fiv- 
quendes of the radial arid vertical osdllaiEniiB: the amplitude 
decrease correspondingly, A useful way of defterdung this 
effect i* in terms of the fractmunl varialion in the variable ll 
we Huhfftjtule rxpro^ton? for w and n which show their ■ )«•- 
prudence on magnetic Held [E<\h. 2-1 and 2-1'il in Eq 2-25, 
find integrate we obtain: 

dP/JP = i P/P* = (B*/B w ) ut (S 2Gn> 

mm - HdB'/B, - zm = Wrt/py 1 * (22m 

Thus we oee that both transverse osdlliLTions arc dumped to 
smaller amplitude with iiifTen^hij; magnetic In-id varying with 

Thw i* the explanation of the very mu til 1 mimvemse 
(■rewia section of the Ingh^iifirgy particle l teams in betatrons 
and synchrotroq*. 


2 A I ■article Energy 

Tiis- Hwnul Ilf i he equations of motion (Fj\. 2-2) doHeribes 
the torques tiding tn change tho kinetic energy of th^ particle 
in ila orbit This equation can lie rewritten: 


fi_ 

di 



dw 

w 


flL 

<t# 


(2-27) 
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The Higtiififiinca of this equation run lie mmJe mom obvious. for 
runrolMtivUtii" vplrvitieSj by expressing it in terms of the chnnge 
in (i;hi 1 ii-U- i iiw^y. To see I his wp multiply the equation by o? 
which is ttt;dl: 


\i , 3 . ft* d$ . dw 

c ar + 


2tt (if 


di 


<IL 

dt 


(2-28) 


TV li'rrn iii d'i’ <l! ilivolvcs the lilnc inti" rtf cluing iff fins 
linking (lit* nrlrttj which detmuiiinj 1 lie induoed viillage us* 
1 *Tii’lin'd l»y tho (mii idles. This Mic principle ni the tnMis- 
inihic’r and in responsible fur ills iicneleraticjti of eleH ronti in if it* 
1 if:i:iimil Hv wgliictiiijS nmincTitiiily llio two terms on 1 lit* 
riprlit of Kq. 2*27, we have: 


dt 



l>20) 


flnlmS (tilling l he hum era I expression for « of fi| 2-1. wo find: 

f - 2 ^> f 


rbin in. tin* i 1 'In I. if ml M.wrati niU- of rhsmpjv of flux linking the 

m Lit.. rule of chung** uf dux ii#iuut.y ;ii tin* orbit, for inTflmi- 

iiiut iili'wmhmt mtliiix. Is rm\ ins intogmtei;] over ii cyclestarling 
with B x H and 4* (I ni t i* to give * 

* = 2(mf)B a (2-mi) 


I'm m-fSi'Niiirm at r*otijsifj.nl wliw wiili the** initial f-oinJilion^i, 
l In- laud ttux linking «ln* di bit mmi In* at all limas hriw thul nh- 
laiiriihU ii the ftekl rurirk* vln" orliil. \\* a m uniform equal to the 
fitM i fit fl"' vrhU, This ih flu? ttttat.rrm Hl 2 to I" rule 

I'iif imhii-ml voltage is uern for any umflertfor in which 
/i, in i' h iiisi-siTit with time. md\ :tR the ryclotroe Ii must, be 
ijH'lttih'il iii throe HiN'clenttorSp mdi jia ssmchrolrniUL in which 
/ij im-n'iLSi^ wiUi lime The sign of rhe trrtn dejjeiMls on omg- 
m*i ui'umeiry: il ejm In- ileMfiratirig if the net flux through tin- 
nr hit is dppusiU; In direct ion in the Ilu\ «t lift orbit. 
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The sovgud energy term comes from th® firai terra on the 
right hi Ee|. 2-27, which is the- dectscd torque, here expressed 
aw £l generalized force rfie/rftf, w here dw is tin? work dour (hiring a 
di&pl&o&mertt rfi?. This torque iy utnudly applied by meirns of 
one or more aetrctarttt.mg gape between Idgti frequency elec¬ 
trodes. There sue two ancdemtinifes per turn between rho TVs 
of 21 cyclotron, or one in the single aridonitiug Vavity uf a 
synchro! toil. However, the numtor of particle revolutions 
k generally no large in qynohronoua accelerators f I0 - to til - 
for syuehiptrmia) and the fractional increa^Q in energy per it. vo¬ 
lution so rcinall, that we rnn treat the acceleration process adia- 
balicu% mid fJeM'rjlm it in terms of tin nihnuthalty uniform 
^-elemting torque which varies slowly with time, The value 
of the tonure emi be expressed in terms of the energy acquired 
in traversing a voltage drop V in each revolution: 


dw _ Vc 
dS ~ 2* 


(241) 


Such an exterruilly applied detitrfeui field ninut Iw oHrtlla- 
tory and must bo phased to lie in with thn charged 

particles^ which, will bci-omr bunched hi \ihme with respect to 
the field and sn also hummed in aminit.hjj] hwiutinn in the orbit, 
To study this hunching w+> introduce tin 1 plmse at which par- 
tidea i toss the accrterftling gap, as: 


dn i 

m 


Ye 

2jr 


siri rfi 


(242) 


11 1 -re *t* in the phase angle of the held when tho pari Mo enussea 
the gupand V wtimv the peak rf voltage arrows thugiqn Choice 
of I hi- sine furn'lMui k equivalent (for elect nm :icrc|{Tntkilri 1 ■ »• 
defining zero phase us I hr- instant when the bold in j;i a m and lx* 
coming positive, **r when \\ in rlifinging from :nvr lending ru 
dcrpleratmg. 

The third torque term* dL/tf$ 4 describo* the radiation brat? 
due (o the radial acceleration of the particle in ii* uHutal 
medium The magnitude of this effect can In- ■ Ism-i ■. r-i I I rum 
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l lie rliinaifd llimry ul' f hi- I'lr'rtmnmgiii't.ir: field, life Wind 
^ri lens' luivr hIidwti Lluil i In- ringiiit.ufle in given fin nikn unit a) 
hy: 


± L = 2 (£_)' 
dft 3 4ff^JZ vEc/ 


(2-33) 


The radiation Ii.kss insumdea with the fourth power of the ratio 
of lo v\ w.'fgy fur i t oti.HJEtiLi radium. However. when 

i In- linc^n ivlui'iun M.wwi twrgy utiiI urhEt radius ni si fixed 
maximum value of magnetic field i* included, w find 1 halt the 
i-i4iiU ion loss uhtol^-s upprrai moldy with the rul>e nf particle 
energy, tu 1 n> {E/^) 4 , When evaluated for the radial dimensions 
i'hju in'il fin an Hi-ntrou Hynchrolmn (Table 2-1), J5q. 2-33 shown 
a los> - if roughly tv [ht turn at I Hi-\ energy a or 2-10 kv at. 3 
Huy, Existing drrt.r»n qynrhro-tnintf i ise a single rf accelerating 
gap, iiml xim last Figure m dose to the maximum practical ac¬ 
celeration per turn, red riding maximum energy Lo si bunt 2 Bev. 
However* heavy partHrs such a& protons have ku large si rest 
oinTgy i.hiLt th® energy loss by radiation i> ncgilJgihk 1 for all 
energies wusWemd to datia 

Wu k M ji that porLirlcs nut trfMuwleflflt&l in a lamjlar mug- 
iiul.ii 1 acceleratur either hy Iit-tnlrun iudnutioli or by rf electric 
fil lip =ip]ilii^l lo Miilitble <'li-mru h -. Energy can l-i- lu>?1 by 
rruliatioli f min elect runs at high energy. Otherwise the only 
ftignifimnl energy lusa m rai lined by particles slrikiiig residual 
gas molecules in £ hi- chamber or hy hitting the walls. 


2*5 I'hu^tt Stability in Circular Motion 

Eeaormtux 1 uci&dfimtoira operate on thn principle af provid¬ 
ing mince^-avc small uerirlmstioj tit sylldih i n szed with the rnotiun 
r»f tin- particles The problem in high-energy imuMnee m lo 
keep eynehroiiisation for tin extremely large munkier of umderu- 
tinJjF. “Tliifl requires control of the phasing Eteturrcn thedectrie 
iteli y applied to the electrodes and the hunch nf particles re¬ 
volving in the orbit P The median bim which makes this powfiblG 
i :i n stable oHinllatioii in the phase ju which the particle crosses 
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the accelerating gap, about a mean value which is just. adequate 
to pruvide the darimJ volte per turn to keep the particles in 
rewmunrsj with the applied frequency. This in Milled the 
principle oT "phase stability."' Ii proposed independently 
iii Ifl-lfi by McMillan" and Veksler" ns it method ul' nMunteuning 
rearirmmie indefinitely in a rye Ini.run-like meek rat nr. Jl. tuu? 
led to two rlies-ei) uf accelerates: the synchrotron, Fm tire ac¬ 
celeration nl dvrl niiu, and i In - eynelmocyrlntron, for ihe ac¬ 
celeration of huhr |>r»ntive iona. 

Ptuuse teii'ilbl inriH can in- described qnnlitniively by using 
simple physical mm-tpla. Let us eomrider first the “stntjonniy" 
whits of it charged particle rotating in a steady magnetic field, 
bfluijjcnI to give orbital stability (h < a < I i na deaeriJiofJ earlier. 
Let, us provide at one point in the orbit n tpip between electrodes 
utimfi? which s iiijih-fi'e<|iieucy ('let'trie potential ran h> im¬ 
pulsed, and let us apply to these <*fi« J truch?s n frequency identical 
with the natural r-iUitiuiud frequency nl ihe ions given l>v Eq. 
2-9. 

The phase relations lietwcen t tit- juris and (lie- electric fie It I 
are illustrated in Fig. ‘J-4, in which ihe paths of the pnrticJna 
are considered as unrolled into n straighi line along the time 
;wia. A particle which n'uuaes file gap t«l Hen* phase, 4,. when 
the electric field ifi erasing in the din ■Him, of thonging fmm 
accclemting to dm.4e rating, is indicated by the points labeled 0, 
-ff, If, etc. This p;utide wifi neither gain iiur kuse energy, will 
remain in precis? resonance, and will continue to rotate nt n in¬ 
stant frequency and in the same orbit. 



Fw. 2-±_ VitriutioTi of EwcelemtiiiB jml.nnllal wjih time 
origin t*f pliHfl wtiUiirtionB. 
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Sow In sn‘ Lhul ihiw «irlnjt Is stable, ^-1 rN.sadi-'-r ci purl irk* 
i Tossing iIn- gap al an earlier phase, mirh m t\ in Fig. 21. In 
if- lirHl imvei'Hwla ihia paitide will gaiu energy, suut its fre- 
rinniii'y will decrease aw shewn by Fq, 2-ti (We whall ncgjted. 
leiLipowily the snail variation of magnet ir field with radiatO 
The miiECMHi fmpienry will ruose i hi- paptielr hi tic ilrbw^l 
slightly m -ill!«-■<<pii>3ii tmvcMrilfl nf the gap, ilhMmteil hy 
]mini-* I-. , q, Hr., in Fit' 2-4, Ik will eontiime this migmfioj! 
in Illicit" Dtll.tl il rnssswsj t>M- gap rtf iri'M phusr. llnwev'er, it 
will have ah urr.iitniitziled rxreui nf miergy* nn it will i out hue 
i In- phrr*r hliifi iuki the rkcrderat mg pariof the eyrie. Now the 
sinmtmn in reversed, strut is lo^*i energy; itfl frequency mfrcflSFU, 
Mml is lb zkjfnm ntHiiiwil kr the writ phtLse poEtimi. 

Tlii* million rejm^-m.s an o^illai'inii in pbiiwe about the 
Ii1 1 :i:-r■ of the undiHurbiil orhil for whh'li She fmqtletiriew are in 
I'xaet rBwniLitua?, Tt also represuntB tin m^'illeaion in energy 

jit lout r hi- equilibrium value. Furthermore, mi .. radius 

vmden with energy as shown by Eq- 2-7, if result* in a milk'd 
iiHillulirm V> bmp; as the energy exceeds the equilibrium 
energy* I be pari ide will travel in nrbit.u • iT larger radii; imii- 
veiwly. it will have flimller orhitK fit lower energy. 

*J'JM; 1 |.iririri[>li- of ph:Lsc fftability is hosed on the exitik-nra 
■ ■I j ifair■:■ " -rillalinris it.- ilfsi'riiieil above, cornered utaml I lie 
equilibrium valine uF phase, of energy jusd of tmfiilfl. For all 
assumed sieady niagrietir field the pn.rtirdes will lie spread 
il round the entire cie-ml over u plrnne bnuikH extending from 
- j r lu ^ = —it. Earh portiele m ignites slowly Fuiqrard or 
back iihmi: the lenpfth of the Imnch, requiring many hum! ml* 
or thousand k nf revolutions 1«» rmnptcto u plum- eyele. Tins 
type of useiDating orbit with Fixed average rnorgv can he railed 
staii imiary, 

Noli- ihal particles eroding thi- gap at file alternate Kero 
v ullage t«wii ionfl of ^ = ir, eii!., nfc in a eotalilioii of unstable 
equilibrium. If slightly dMttfbttt, mek a fwirtiele would either 
liuifi or leisj^ energy antf would fail into Luge amplitude omilla- 
Sions LfchrHil, the stable plutse. 
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\M he now i misidftr how ihe energy in &m m h a sifttkmiiry 
orbit vim In- s increased in a particle mTeJcrainr. Wp nt^d so 
iTjTinldcsr Iwo rnnstahi p&rtiile velocity (he., high energy 

dwtrona wit 1 1 I- if rS ami increasing particle velocity fproiEjiis 
or other imdtivt ioiw with u < c). 

in this first n^\ if niugMetii" livid [a imirt-iiseU by u small 
amount, \ho otentron fn-qucnry will itaeinuae proportionately, as 
flliiiwn by Jik(. 2-^ Huh will Lh. j ik'■ nnu>aiiied by rt temporary 
cliHjroaae iri orbit radios,, Tim deutruu will tmthe gap ai 
earlier pluses, inquiring mors tfimrgy eaeli \inu% until it readies 
that energy for whir 1 1 it \r again in KMcmaneu with the applied 
electric field, anil the orbit radium i* hnvk to l Le- origin ji] value, 
Furthermore, if matpietir- field in ituptnmtl slowly and mrUin- 
nmisly, the rkrtr&m will follow thin change mid ffatn mvryfj at a 
xtmdy rat* determined by the timr raft of of mwjnetit jii id 

This is ihr prinriplf of ihe eynHirotroik 

For the other ease, when 1 parting? velocity increases with 
energy H consider the cfiWl of ti Hmntl decrease in frequency of 1.1 w 
applied electric FtF-Ul r with magnet-ie Meld held roost an it* Thin 
Icngthetiuig of Hie time cycle, while pail,hie frequency remain* 
fetid, also causes the particle to crops the gap »! earlier phases, 
acquiring energy until it reaches tho energy which pk im n*mmanre 
jlL ihe new frequency, following Eq. 2-th Increased energy in 
the nearly uniform magnet ir fictil means that tJie tiruil orbit 
ran litis l> I jii rge r. X pw r if frequeue t/ in deer ram d hIu w ly and enn- 
timiundy, the ptirhrfr# will follow this ehangc, mil ifato in 
lie id will innienise in orbit mclhin at n Afmthf rale {Irferpdtmi hj the 
nit* of frrqarrtr.f/ mmitdafifm This m Uiv principle of the 
synch rwyelotroEL 

Fnder either of the euiiditjnns desi-rilied above ihton* will 
h fc ini n\m librium phased nUmt wblrh tin 1 phase oacfllatiotis 
are I'entemi HiEs ia UliiKlmted in l , 'iit. 2-fi in whii-li Ihr nmge 

of |iliEtse ohi^JIjlI ions is iudEviited an extending h'lwpn-jt otbitrar}' 
li[iiiis^j mid . For u purtii'le having sfimh si oj^iUatiOtii 

and eili iking several lllimlrtsl revolulionfi to eoiupleO 1 l.ht- 
eyde p iib we will see later ¥ there will h- an average energy gain 
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Fig. ^ ii. I'Jlh-i- urtrElhtion nliu ul equilihriimj 
411 u i jHj between arbitrary limits nud ^ . 


I ini 1 1 urn r IV, piven I ay the value of the potential difforenr-e mrua* 
1 he pup it r equilibrium phase, The pint He migrates up lu| d 
down ulortiS lhe phase curye s »1 one extreme wpairing flema 
energy wui ur the other hiLvitiR a deficit, 

Antjlhdf ^•■^liii I i-ctn yf phase o*rillataoii& b illustrated 
m F]C. 2-6. Here ihe nafiUAtktMfi in energy of ai particle at* 
porlmm! ns a function of lime, with the equilibrium energy 
uirretwuig sliyvriy. Thin figure mh lie interpreted jl* a |Krteiitiul 
energy diagram with stable potential valleys in which particle® 
are fr*pj*«L The dots represent consecutive pcefftiims flf u 
parf-idr which in osei Hilling within this potentkl valley. Ah 
the magnetic 5eld 'ifiA the ascii lat tons the 
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FiQr U-0, En«r^ oH&Ulal.looa in pHflflo Btablo necselfinvtion, \*-± r- 

\Mr\vr am ImppH m \% |h>rprKiaJ vidfcy nnd 40a cmrciwJ lo ulicrjfv 
Uy mndubticfi of mugnoUc Held (pyanhrainitt) or frwpacncy («yn diirecy- 
d at ran). 
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purN*rn will nirn'e upward ami |t> I be right along n Vmv which 
repuiscnls the average energy iiirruLific, cutfying the trapped 
particles t-c.3 higher energFu*. The aotid curve in Hu. 2-[\ repre¬ 
sents the variuUun in energy of a particle rti I he extreme limit 
of phase oscillation, Other pur tides will Iulvu amnller ample 
Hide variations, Tim limit uf -sUiI m lit v appears here jik the peak 
of a potential hi]|. If n paifiietc crosbes? over I he rim uf one 
trough* it will he hurt from ayiiehromstiL 

Several wriln ■ have pomled mil ifmt the phase iweilla- 
tiotis deseriljed ut*ave lira analogCM to tile i notion ofa pcmluluiD 
eq which is applied a cuiutant torijufe, A phvsieui model cun he 
constructed as a simple pcitdiduiti mounted mi a good bearing 
and with u oonj earning a weight wrapped around the huh. 
Such jl [H 1 ii dii I inn is illustrated in Fig, 2-7 When in iwi. the 
pendulum has tm angular disploi^imnil 0 r ; when set into motion 
it tauil lairs about this equilibrium position The limit uf stable 
oHuilbitiim is for ft = v — ft. If the amplitude exceeds 1 his 
limit, the pendulum will eeaee to osi/illatf and will -spin i-uiitin- 
Ltuti&ly in 006 direction. 



Flu, 2 - 7 . Pendulum niijUagLiP rtf phajw* cmc-ilIn- 
linnee A roQBtjLiil Longue fr nmilta m mi ctjuLllUri urn 
fiagle #m a bant wMob osudllitihmi are centered 
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Tin 1 equation of motion for tbc* pmrUilmn in r>F (die form: 

(i d + >n$h 9 _ Bill jjj = 0 (2^4) 

flI T I 

whore the terni mpl* mi S M represents I,he- eonstitM jMirturbing 
tnrqun, / is Ml*' mumr-Tit of inertia, and nH^llnliones owin' about 
the equilibrium Angle fl, If the perlurbiitiuii is nmolJ relative 
hi the imixi nm in di^|)]iii.emeiiL the angular frHqtieney of oseil- 
lotion is given, ti> a high degree of uppmrumntion, hy: 

w = (^) trS (2-35) 

The equation for phru^e nsrilintum is similar, with the phase 
wsglfl in lauticlr mot-inn substituting for tie* angular diSplEee- 
menti nf the pendulum, the average aeeelemt iog energy [mr turn 
taking the place nf the perturbing torque due In tie- weight, 
and the equilibrium phase HafegtitiUting ftfr equilibrium angle* 
Tn complete the mmlirgy, however, the mass and length of the 
pendulum {it« liniment, nf inertia) ahoulrl vary h]ow1 y hi lie 
niuivitlenl tn i hr ineremiina mita* and energy nf ihe p«rtirles. 

I >i , ri\T : i I run of the c-cjijiition*-: uf phase iiwJllaticui from the 
cqtintmliB of motion goes ttryond t.he scs>pe ,J f this monograph, 
I luwever, the me-llmd will he demerit briefly, and the resulta 
Liiveu The first two of the equation^ of runti-rui uif- iin-d, 

Eqs. 2-1 imil 2-2, It is iiHsumwl that, the phn^e nsrjHnt.inn& are 
si ► alow urn l the amplitude -uf the oraw'ifltfd mdad oscillations 
mo HiJiJill, thiil we eon negl-pet, tin- radial rn'eHemtiun term in 
Kq. 2-1. This is the hush* upsumptiem used hy nil writers 
utilizing ilip iimuri^brtELi-iniimy theory 7 ; it ir* rseenmpjkhpd hy 
letliiiLi dr/iit = (1 in liip 2*\. Wi- also ficglcet the mdmtion I+iht 
lenn ttL 'tllK wliirli in tfigiiilhuru wily fur eln'lrims :if very high 
energy T'hi- Innat-rou mduetifin term in retained Iimmse 
it uFTentu; tin 1 I ill'll luiion energy up&ieiuted with the elumging 
orbit. radium 

With tiieat 1 when the two equations uf 
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motion itn- r-nrnbitiod, 1 hey take the form r 

s ( r ’°'-^) + ^ ai “^ 0 <*»> 

However, tlii# equation rannot Iw solved directly to obtain 
tin: fihnsi.^ ntk-illatLOttE* 

The method of smuil variations is u®ed f in which r and ff 
aii’ assumed it* have the fo rtnir = r„ + p tun I fl ^ o>a -h The 
I wo equation;? of motion Eire first, rsiiiinded us » fimrtirm of the 
quantity $ alone, and are then rombEned in the fnrm of an 
equation of iwilktiorL The result. i* T ; 

+ - n) ( “ R * " *'* ^ “ U ( "^ 7) 

By analogy with the pendulum oi|imLioii we sue that the muitiJnr 
frequency of t-hia phase nsrilhitioij is given by; 

" “ - n)^) tn)1 ' ) (2 ^ 8) 

The equation rdtove is valid for the mlafcivLHtie nuc repn - 
wntflil by flight riergy oleutmns. At lower velocities, sijeh m 
fur protons in tfm syaafaj^ycrlntroii, difFerent iq^rodmaiicmr? 
arc required in the Hohjtiuu.. In this rase tin- frequency nf 
phaso nsraI lotion is: 

/ Vn V ,a 

“- WiMl -i.W “ <,,U, “ IJ (a - 3 « 

TIle- (lifbn-mv lictwecn frequeueiiv ealniblvrjfmm ihi^ two equa¬ 
tions is Pimnl! when u is of the order of unity ((US to I) $-1 In the 
nioht extreme nuw, for protons in the synrl l ropyriot roll whew? 
h — OJljj, tli|. 2-30 j^vcb fh^iiunriut HTml|E s r hy nbiul n fnetor 
of a, Evaluation of tin- frerjumi'y nf pluust- omlltUioh fur 
pmetiail u ikHffl nlioivs ii 1o In- iSKl t.u 21. KM tinu^ htil:iL|. i il^-ui lbs 
orbital frequency wti, so 1 lie part tele make* this many iurtia 
around (hr orhil to «>oio|p|eO i u phase eyrie. Thii- pintdies iIif* 
assumption* made in the derivation juid in the use of the cpiasi- 
nt id i u i n l ry i l pprosi m a ton i. 



AC! 1 ITERATION TO I|[G1I ENERGIES 


41 


Phase amplitude is damped slightly due to the irwn&dng 
magiwi.ii' fold (in Hyuehrotrons} varying approximately with 
So the uaimuthnl spread in the hunch of particles is 
decreased to id anil half the initial iimplitndn rhaririR acyetera- 
tiou. In a practical wish this might reduce an initial 1»V 
arimuthal spread to about t!fl D . The radial amplitude of phase 
osdlMiou clwsreawa in the increasing magnetir field, however, 
*i the In indie of particles becomes very much smaller in cross 
section, 

2.6 Coujjlinn bet ween Oscillations 

Coupling can occur fot.wTcis the Several types of particle 
narilliitioris when the frequencies are integral multiples This 
is tins familiar phenomenon of beats. A simple analogy is the 
coupled pendulum As is well known, two such pendulums 
which are in rcatumnce will feed energy from one to the other and 
back again, the mure rapidly the tighter in the coupling and the 
closer the resonance, it. is also known that there is no signifi¬ 
cant transfer of energy if the nsrillation frequencies arc not in 
resonance 

Energy can be transferred between the severed modes of 
iianilla1.ilm in synchronous nceejcrators because: of (he irregulnri- 
1 ass aor| nonliiiciiritiefl in the electric and magnetic folds. These 
were neglected iu tlie simple approximations used for solving 
tin* equations of mol inn However, .sernnfl order terms do 
■ xL«1.. and tlm Ii>:■ I■ Eh arc iu>l in smooth unit regular as afflutued. 
The coupling can be studied hy including second order tonus in 
the email quantities p ,*. and ?, and analysing the coupling terms 
in the solutions. 

The moHt common type of coupling is fotweem the two 
i raiisv'CTSt- modes of the free nucilln lions, the radial and the vor¬ 
tical. Equations 2-20 give the frequencies as a function of the 
irules n. When n = 0,5, the two frequencies arc identical, and 
amplitudes i'jui alternate lietweeiu the radial and vertical mode. 
Ai !( = 0 2 thate is a first harmonic rcxonrmPG 1 between the two 
inodes. Energy in radial osci] Infinite cun transfer to ifo vertical 
inode itt. this value of n, observed in the synchrocyclotron ns 
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tlir radial position at which the beam “blows up” mro large 
vertical o*'illations, and is lust against the f). 

Pel ailed study has led to » list r.f romiii rmi<*U nr pur- 
t.ijj I Jy Ini'bidden valuta rtf ii fur rirruiar synaLmnuua nr: ftloca— 
tws. The must alipiifkanl are fnr n = f>, 0.2, <1.25, (1,5, (1,75, 
11 ■*), 1.0. Si mu' of these Tj-vfilurs lire not absolutely forbidden, 
sini’O amplitudes may tie too small fnr the energy transfer to U* 
serious, or they may occur over i-nich a nwrtiw baud of pole lace 
that purl ir-lcs can eroan through die critical region in only a few 
revolutions, unit the i ime may be too short fortngiiiGriint energy 
™‘hfHt«o to oemr, Nevertheless, they represent possible dilti- 
cult ieH- and am usually avoided in design, A typical value of 
n for ayndvrotrwM is O b, and it ia assumed that regions of the 
field in which n is less than 0.5 or greater than 0.7a arc outside 
tin* useful aperture. 

Slid other resonances have been moguiatsl and are 
avoided in design where possible, such as between the phase 
iiscillatiuri frequency and harmonica of the CO-cycle ripple usually 
impre.seiid on the magtiei if an alteriitt(ing*curn?Ql power supply 
is lined. 

£.7 I)i‘MTi|il imi of Particle motions 

The results of the preeedtng dineusalon can lie summed up 
by des crib mg the | ih ysir-:i I chimiet crist ir-s of the hunch 'if jwrtJ- 
cles in [in am.'lenitor hci us first consider (he synch nitron, m 
which the jiari ides move in a doughnut-shaped van nun chamber 
arm] ill| wu orbit, of fixed mdills The plu»e«H(illationa represent 
a variation in time of crousing the accelerating gap. Particles 
will Im* distributed initially around a huge angle in nzrirmitli, 
approaching 300° for the limiting ihs> of very slow aecclerulicm 
mid about |WV* iti practical cases. This spread in ungle will 
Ik- reduced by dumping to ubmd fKl° by the end of the nm-lcni- 
tirm Interval Individual purl ides will Ik* migrating slowly 
through the buiiuh from front In buck and return, taking several 
hundred revolutions about (he orbit to complete a phu-r evde. 
lindial phase oscillations will lie associated with the energy «i- 
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rjlluUQiiStthe huiullc will fauvi! n i-erU'dii radial width. Soper- 
; iih|M i ^'d I HI ilie-e d i i w ayiM'hioimtl* nulisd rfcM'illiiLim^ are thfl 

IniilhT fnaqtietiisy i’lVf crai'ilhitblkB in both tmiisverse rintnliiiAtEU, 
M w jug 1»■ vsil ittivifttioiift L'runi tin- smoother Hyrn-hrrminis or¬ 
bit*. | !u j I -.. chi' iuciH ia thus cnrh«il within am envelope 

;shiL[H'< L hk* 1 a long, thin atiuftigL* r lient around the orbit* The 
i .mi!.-i chf this Isimi'h I'l-volves til 1 hr rcwiuiiit fratiiionvy iibolit 
!.ln* i Lido. FiftU'C 2-8 lb a adirfittitif nUssiratiuli uf I he humji of 
unis, wills a mUirr ircuLgiutitiw 1 inaiirafiil ul the rsovri-.il i^nllii- 
tiima. ! taring sitr-oelfcrntiaii I he imnsverHc tlimtiusinisy ol l In* 
Hivetopo l)Pi.:ume very titiuiH on uiwownt of daimping, of the order 
ui il ii'iv millimeters in devtrou synchrotrons 

hi the syncUrnuydotruri, positive iona un? rdettacHl from 
mi mu smirru at the center of n large Hut t-lrnmber Itttween Hat 


Fiw. 2-S SthfamMifl view of ^bimah 11 of pW^-focueecI 
pnrddeu ill n pryfrnhmtrcni I ah 11 wins thn fiprnud Hun in pHnau 
(Ht r tl L:i I Lou tunl gugRCfttinR (U-o superi mpnaed frw oafillcauisia. 
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j*»le foot*. Thu uiagiu-t.ii: field ia vary nearly uniform, deuread- 

jlJ B digblly with nit I iua Lo provide femuuiig furres, The I.. 

aymsIminonH kjjib tuts much the mime piupirtii* mid lLu- 
uiimguter] tauisigc tilmjH' deserilwd fur tin synchrotron, ex rep 
Uml. tin- equilibrium orbit expuuil» slowly and steadily m 
ratlins a» fn*[Ul!ttuy is vlauigctl. t’Jui a*veral urn-dial ion* occur 
about this expanding equilibrium nr hit ruid are slightly inulli¬ 
fied by the dniiiging rt-vidue of the magnetic Iiotd. For ex- 
inn| ill-, as, the w-vidiif gniwg larger mmr the pjripWy, the 
vertical uarallatioiia are tlceimsed in amplitude, while the intl.iul 
uiqplitiiiJea imtim. Syriehrur iulls uaeiibitiniis rause a “Urea tie 
iug T! motion nf tin- iimt&at*neous [lairtii’lo orbits ae tin.' 
riuin orbit slowly expands* 

In cither type of iitnidmtti'r a uirigli- pul*.- of particleis is 
ewupt t.o high energy in each sweep. if tin- magnetic Hdi l or of i lie 
applied frequency, The nmuhinea an.: tipuniierJ cyHintlJy t jc 
t leafing the sweep ai regular intervals, So the final out pm is a 
sisnuem-e of pul*«uf high-energy partieies at the cyelte repet itinn 
rule. 
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The Electron Synchrotron 


ft. I KarJy Development 

V^ry-hiflh-iiriergy acicclwmtorS' -4n the billion-volt range— 
uiiki/H tin 1 principle of resonance iieieleralum with phase sta- 
i.iiny first (foinoratmted with electrons in the synchrotron at 
much lower nn:r#. AUhoiigh udriilinnji] features are- required 
to exceed ntie billion volts, such ns the use of prolong mLhfcT 
t IiPpM electrons a he I rhe devnlupniejit of variable frequency av- 
ii'lnmimn ipchhlcfiie?, t-he principle is atitl thai uf pha^ - 
Hl *iJ ile sytid rrol n n Jfc fttwlaratiuii. 

The principle of pbwe-stable acceleration described in 
Chap* 2 wits proprwd indopernJently and almost ramctirtenHy 
by McMillan 1 at the University of California and by Vefcder 1 
in ihg ! rf.SH. McMillan described aft electron neederator 
iitsliairig ihis prfni'iplp and named it the syndirotroh. 71 i-s first 
designs weiri for a machine Id opetale at 3CK1 Mev, which was 
rnmpleteil in 1U47. Unlike previous accelerator^ most r>f whii-h 
ivijuir^d fcilriw sitid tedious development starting with *»udl 
models, the syNdirotruii wees conceived in its full slain re a* a 
high 'energy siL'iY'li-i-fttnr, and most of the early instalhitifmB were 
designed ici-r the 3CN>- to HW-Muv energy range, at which The 
dm ro ns rim l x-ray? are capable of producing mescmB. By 
hm there were Li ayncbrotruiiK of over &IH1 Mev energy built or 
under const nirrion in the United States and several others 
sihmiul. More recently. ji tpnehrotrni'i capable of remising 1 
]Jh l v Iuls passed its prelisniriury leds at 0.A I*ev at the Cafilontin 
InsriUii-e of Tedmok’igy* find others in the l-Bev range ore enn- 
Lem plated. A Hating of-the larger machine* is given in Table 

a-L 
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3 f l.i^i of ihu hirflw elecLroik piyrtchriFlruiiH. 
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Meanwhile and \k-Uwc any cif (lie larger byfiifhnjtrtilift 
could be fittJilied, Go ward and Bumes* ill England were able Id 
the principle wilhn much smaller machine (8 Mov 1 
built from an nhl betairon nmiaM. Tin* ri+>\L Ui taurfinl \yhm n 
group ill rise General Electric! Company Research Laboratory, 1 ’ 

where there hail been previous experience in betatron design* 
with ii 70 ^lev aynt-hrol mi i. A writ* of experiments xviih I hese 
early mm-bmes demonstrated t h-r- range >kf validity of the hIjl 
bibty principle, worked out (be ilterasttfry conditions for inject- 
EiiM electrons bo they would he captured in synch mnnua orbits 
and explored .some of the properties of the high-energy beam of 
x-iuyc. The lamer nmehlnes, in ihe 3U0- lu HXTuMt-v region, 
were in general put to immediate im for mcareJi. experiments. 
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The Hilary of synchroni-iLis oscillations bus been extended 
U-yoiLit that reported Lis ihr original tirlick 1 *: by Mi Millan and 
by VYk^li-r I h-rmieson unci Berlin 1 " ujadyzcd Hu- stability uf the 
synchronous orbits and found l ha*. the amplitude of synchronous 
uscULitiurjs dicrcajscfl with iiiernaHiilg particle energy. Botim 
and Fuldy 11 obtained the *ame results on ■ »rtjit stability anti id mi 
showed how I-.i-t:iEroi j operation could lx 1 Used at the start to 
avoid the diiltcuUies of frequency modulation. Frank 1 ' ex* 
iLinhied in detail the process of transition from lie tat run to syn- 
i hroirnn action. All these studies are in basic agreement, vary¬ 
ing only in the Ly|x? of approximations used in the calculations 
i l 111 1 iit the emphasis plaeed on the several aspects uf the motion. 
Theaietieul understanding of the synchrotron seems to lie ade¬ 
quate. 

Seldom has an iiecelemtor tieeu brought to aueh u high 
state uf development in such a short time, The concept wag 
simple,, the first design studies wen? easentHilly complete, and ah 
ub^ervfirs recognLieeJ the virtues of lhe new proposal and ac¬ 
cepted its *uece9a ad uysurod. Tlie simplicity of (lie concept is 
nsfleeted in the relatively few- eompetiiig techniques which Iiave 
Ih'cu reported and in the l umpaimlively Hina 11 nutnlH?r of publi- 
i jilimis. All the baai a propertied were reeojjuiased from the 
start, and most designers have used simi lar techniques with 
relatively little variation. In a few inaiiitnt^ sjjeeial and new 
cuiieejita have been developed., hut seldom in more than one 
Moratory. T1 me-,, lhe 'race lruck" orbit, the ^frequency- 
mmlulu ted'' atari, and the "air-cured 1 ’ magnetic field have had 
proponents but have not been found ea&eriLial fur the 300- to 
51H) Mev range. 

The elei.'ln.m synchro iron hue to a largo extent replaced 
:hc betatron as h Source nf rery-higlM-net-iiy electrons U, bars 
two important advantages, First, the magnet structure h 
much lighter, consiMmg eeaemially of a ring magnoL In provide 
a guide field acroec the doughnut-draped vacuum chamber; the 
large and heavy Lmiiiated m re needed in the betatron for in¬ 
duction to produce Hue accelerating electric field is replaced by 
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ft compact cavity resonator which supplies the rf field in the 
j^Fttahrnlrom Also, the mrnnctmu fnr fiidiiuivc lossew in applied 
automatically in the synchrotron by phase shite which supply 
additional ftctieje rating potential. The coin plicated compensat¬ 
ing ctavifes nurasaury in the betatron are not required. 

3 p 2 Prmcijilc of ( L i 1111 

The cpnohrotron accelerate electrons in nia orbit of es¬ 
sentially constant nu&ud by means of :i if electric heltf applied 
across a gap at one point in the orbit. The electrons are can- 
strained tn move in their circular path by a magnetic field which 
increases with time, from tt low field which in just adequate to 
defibet low energy electrons at iujoctioD, to thy maximum value 
permitted by the permeability of iron. A ring-sin;ipud magnet 
provides the magnetic field over the doughnut-Qlniped vacuum 
chamber which endows the electron orbits. The [Mile faces 
are accurately shaped to provide a field which ilnemuaca slightly 
with increasing radius with a value of n of ntaut 0.6 so tts to 
supply focusing forces for the elretrons. The mukignctu' field is 
pulsed on anti off at the repetition rate provided by the magnet 
power supply. Pulsed o|reration would result in eddy currents 
which would distort the carefully shaped magnetic field if the 
magnet rore wore of solid iron, so the envy is lamiiuited as in n 
transformer. The cyclic- operation results in ti sequence of 
pulses of high-energy electrons at the pulse repetition rule. 

Electrons urn emitted from an “plootrcm gun'' source ur 
a point on the outer side nf the vacuum idijj.iuljiji-, nnrelenited 
by a dbect-eum?nt potential different of f>etweeri of I and KK) kv. 
At this energy the electrons have not yet uttmned relativistic 
velocities. They arc usually accelerated fnr n slmrt lime by 
induction, as hi llie bet at run, until they reach an energy of 2 
£o 4 Mpv, at which (heir velocity is mentiidly equal tn tlmL of 
light. This requires a time rate-of-chrmg^ of fiux linking the 
orbit given by Eq. J-30: 




(31) 
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T!u> linkage fl ll,\ >|i i* provided by "flux bars” on t he inside of llif? 
i irl ill „ which ure nf iioglimble size cmnpaml with the heavy 
iventnd cure required in the fijetE4trem to provide mwinraliuri t© 
top energy. 

When the etHitynns rntinh rcbif.iviaise velocities, the riulu>- 
fi !m |iiiM m V i ,J| i lp mined mi and iippUcs im ftrrelemting po¬ 

tential m m P c* the g^p wlih'li ci^ntiiiuefs E-he pftiewap of accHeiutiun 
to high energH^, matching the hicftsL&itig megimth 1 field. Dur¬ 
ing thin pron^ nyurhmnnUP usdlhil-itins arc set up which bunch 
Mu- Hi-i'tpih.- m phase And provide tlie pliitM 1 ability ehurne- 
I eristic of the synchrotron. The frequency nf the applied elcc- 
trie field lh the constant vateo ©I rotation frequency reached by 

ihe elect mini lu their orbit of radius r n at the v^lodty of light. 

U iu given by: 


/ 


^Trr.i 


4 7 .K x in* 


eyrlcs/Bce 


(9-2) 


u heti 1 ?'n iw in meters Thi* applied rf voltage is developed in jl 

.. cavity circuit liuill into Hu. vm-uuiu uhamlxT, ilriwn 

by v ;li inim to In 1 * ul l hi- rebtumra ft-cqueney. 

Mitrinusni, energy of ihr cl tT Irons depends on orbit radius 
nnd oh lhr maximum value of the magnetic field, following 
hi I 'J H .d (listp, and illnmUcd In Table 2 ! For nnr pur 
Use cqimliw cun Ih 1 presented as: 


T - rrftr* = mBr 9 Mev (3-3) 


The rondaul oil the right applies when H is us units of webera 
per square meters and r ft is in meters. For example, u magnetir 
field id I wHiev. itr ami an orbit mil ms of 1 in will retain m 
cl cd,mu energy of l ®0 Mev. 

The available uperttirr inside the vacuum chamUr rx- 
teniln over u eoMifterable mdi:d width, nf the Older of -±h°! nf 
t\j. Thiis will aei'omjTLOihit-e an energy spread of nearly 
nr trill allow iIn- frequency to differ by the awn amount. Too 
high :i frequency will produce n^mtinwat n smaller orbit nitlius, 
und will result in Itmnr-eriorgy eleotmnsf- Convenwly, the orbit 
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mil k‘ expanded by applying a lower frequency at the end of the 
w'eotercttiiiii interval u. piuth tin- I warn out ugiiin.-u starlet at sfn- 
prripheiy (often the shield surround ink jfir.* elect ron gun), and 
the oli'Hmn energy will ttlao U- inrrcaaeil b.v hImjiii .V> uhove 
the nominal energy nl the central orbit 

The aperture widl.li described almve is required at llu- 
ifiart to an titntnofliire the radial Iwtalmn oaciUutjcm* (wlnljlii-hod 
at injection due to angular and energy vaei&lions. A (Somewhat 
smaller vertical aperture is required for the associated vertical 
uKinQiitioti.<t riu'Si! uftejllittions, anrl also the damping of nni- 
I’httidw with in creasing niugnetie finld, proportional tn H 
liiive lioen ilrseriiied and analysed in C’http, *J. The fret* twnilta- 
liiKis mv nit ifuutely reduced lo very small amplitudes, such that 
the final dinmimirm of tin- beam uF electrons i.s I,lie order nf a few 
square millimeters, 

3.3 Magnet 

Uie firm aymthKilmna used IT-type magnet frames similar 
in structure to tluee used for be la Irons, Ian without the Fargo 
central laminated CWB, Modfifll design, however, uses a ring 
of < ’-type magnets, each providing the field over a short sector of 

th<- orbit. This M'ltuiRemoat reduces the quantity of .. sig- 

nifiejLtiily and simplifies I lie BtrUi l urE. For small nrhils t he 
Rux-rel.um pulh «f the (' Ringin' r* must In- outside l!ie nrliit.. 
For larger machines the llu.v return ran he inside the orbit 
whii'h makes the rhtmilier more readily arn ^ilile. Figure :|-| 
is rt tt-bunmtir drawing nf the assembly of ihe M T,T rynehro- 
tmn with outaUie flux-rctum nirniit.s 

Hetnutjcnt field? and oddy eurreiils in tin- mm may result 
in time diahirtbns of the magnetic field in different portions of 
tin- gap, Symmetrical design itnd hk^li prc s fia[OM m ukkfih hjy 
will reduce (hese effects If necessary, runwrling coih etm h 
wound td.iout the [ki]i> lips in appropriate Watjorix, and fimr- 
phjised currents can lie empirically determined which will enr- 
reet I lie di«lorlions. For example, circular windings distributed 
Hemss the pole fane surfaces eati lie used to vary the value of the 
lield gradient hides u. Other windings ulaiut individual seetora 



nil i tittkon SYNeminTi'inN 


51 



Wm a-t SlmtuU of iba ManfichuBell* Inriiluta «af 

Tpuhu cilngy hiTiflhnjlmu a 1 Lowing Lh« C-hiiipal jtflwmljly 
uiufl l ike location rtf ibu nMttiint rbnmber doughnut betwpn 

fioica 

of rhi- pok- ■ i :m i be u-nl in i-ormi for aainmtJml variations in 
the 0dd, 

One ^viu-ltiMiirtm Iniis Utii .jrtnirU'd without iron paks, 

by OHJiiic ln-u-L -i, i'iim‘iit.’i in four bur rondm-sm-- property ar¬ 
ranged arLHjiul l l w 11 rtkit regim, by f-awson 11 at ihr Ceoem! 
Kin: trie Company. The rlii^r dirauJ vantage is the* large me- 

i 11 im-.l| u jivi.. un ilk.... loi-s, tthirh rigid dumping 

•if the minlui'tnr bm> i ■ jjr^vt-nt distortion of the held. The 
imnh-- fiyiH'lirultri.'ii i- probably must suited in mmii orbits, 
1 nnkgruitic holds and relatively low electron vmf0^ 

Tim I'yi'lir o|H'miiou of the uragnei minims dither alter- 
uaiiug or pulsed mirrent. Continuous rn 1 iwdation rctqnirei n 
LLI* Mr deal of pmvt-r rout refills in befit |osups. Magvwta must 
l«> designed with large GQPpEt windings anti with provision for 
rooting. Piijficd excitation rm l>e used to reduee powor require - 

..us by ktnping the duty factor small, but of conrse the x-ray 

output is ateo rediimd, 

Cap&aitmffi are used to store energy for the nnigimiE either 
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for pulsed or w operation. Willi m- --M-huiuni Ibe i‘»pw1i.iir 
is mud* to resonate with the indudama 1 of the magnet m iho 
chosen freqtKmi y r usually liti or 1W cycles pn-r m-euijiL li. must 
atom energy equal to ibo peak atom I energy of I he rmigiitiijp 
field, which determines the kvu rating, hi aui'li a rrmnuint 
system the energy alternates between the magnet and the BAp&ci- 
tor btuik T and the potver lino merely sup] ilie* tie lundc* in this 
system. 

In iheLhpiI opemtion 11tu tyi|iai'it.nr is charged from it de 

source and is them discharged Lbruijuli the mugm-t. False ri.se 

time is determined by the iuducEunre ami nipudtehiv of lie 
system, nud can bo made quite short U> rvdilre (lower Ksst-jL 
FgnllronB or other suitable conlrol tubes are uwd to Lmtkbte the 
pltet% mid to stop it after out! owJllatkm when the energy him 
I'icoij returned to the capacitor. The il« roiu’iV supplies i ]ie- 
system looses E>etwfHm pulses, Kleet-rickl pmlili ms trriHe chiefly 
from the transmit voltaue mrptp* occurring during the h witch- 
itigp which ctiu be controlled hy appropriate duniphig circuita, 

■5.4 InjccUott 

liHoctrons of 50 to KM] Ehmisni'.] tw r energy jm- olilahuil 
ii'oiiL ini l, i s S<h '1 hni gun," ronsi^riiiii »n n lI j^Tiuhiniiii r-uleiib- 
u grounded wlikdd, with the fiithodn m high negative 
potential. Figure 3-2 is a sketch Of © SOUKtt typical of synchro 
Iron usage. Fled toils are focused mjdely by a reflector clip (or 
aometimes by a gridfitirietum to wliic-li potential ran he applied' 
do as to emerge from u njir In tin- grounded dneli I, aimer I in the 
direction of ar-eelemtion. Only a small fiwliou of the many 
MilliajnpereB of rurront available from eunh a gun is direct id 
within the narrow ajiie which mu in* um'oplod into siable orbits. 
The remainder of the eledmiks indited -irik. the walls ■ T the 
vacuum chamber wilhin Hip l\m hull' revolutbu Internal 
walls of the vacuum Chamber must 1 ic lilmii 1 mi 11 m' li 1 ii I Iv i'i unhid - 
i"K t« pnwnl the aertlmulation of ''fiurg.' ■ hcc j lw i Jm- irled imsil 
. ipray. QtJwrwiro the resulting ri»i<‘tru*tntir fielils wmulil ili-ilini 
iiml iltalmy the regoii&at beuni. 
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Kiii. -i-IT. Typical fiSoelron ami a mirc-a twctl in the synchrotron. 

The gun is usually located juHt inside the outer ■•luijnlK*r 
wail, and till' radial 1 liickiirsR tif the shield i« made as «niall an 
(Missiblr. Ili'fat mn os-a'illationa nljnnt tlw hjinhlirium «trbit 
(for elect run* huviiiK the injection energy) will eause the in¬ 
dividual or1*ilH in miss the hack «f the injector pin on lb* msaod, 
ihinL. etc. circuits, hut in [iriiH'iijIt- the orbits Aould return to 
i lie i. trip i ml phase after a small unrulier df re volutions, S«ne 
doorcase in annjilituik i.h expert ml from ■ lumping due to the 
ini'rL'uaiiE magnetic held during this litne, However, most 
rln'oielieid caleuLilwii* nf orbits indicate that u large frachon 
of tin■ injaiIt'll liram must lie lost hv striking the hark of the gun 
after a few turns. The itbservatieti, originally noted in betatron 
iiperniimia,that u sijjnitieasit fnulion of the injected (telttiaido 
miss 1 lie nun mid survive to Vw accelerated. is one ,J f ihe pleasant 
nr( i i hints "f :u wlemioi' history Several ut tempi * have laru 
iundi to ext)lain thin favorable capture I'HWinrj’, with only 
partud sui-ftsB?. Ii » >=rilL mu rnrtuin whut phenomenon in re 
sponsible for (la- nkwrvwl high efficiencies. 

1 tel allot I operation, is commonly used 10 w'erlertlto the 
eti'L'ti'oiiH In jin t hii'ir initial energy of alt to HHl kv to the order 
i,r 2 Mpv nt which they have a velocity of 0 -PS r and ar> travel 
m an nrldl of radius mu significantly -inudler than the a"‘ 
met rival will mi orbit. The til IX required for tuwleretifm by 
in duet ion to llliH energy is supplii d bv Mux bars at Inched tn the 
inside of the poles nf tlie piide livid magnet. I hr si- kirc or * 1 
siguilirmil only during the early pari of the cycle, after which 
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Ihej btseuim- saturated utid have iu> further effect, The air gap 
between tin- (ipa nf tie flux hois is naadis abort, urn I the Unix den¬ 
sity in tlse bare is tntleh greater than that of tlw guide hold 
durint ttie early stages. So it i* possible tu use tvJtitiu:ly small 
!lux bans nun In tif u high jrcrmcahijjty i nut (trial and yet retain 
I he betatron stability ■■ntidilinn. Care must be taken in obtain, 
tin? correct rate of rise of flux density in the buns, involving the 
elTecta rtf eddy currctita, remum-nt (ielda urid fi&tu ration in ihc 

rtnx JjiU'H !LS well ILK in the mum magnet, Buck hiaripg the mail) 
held try -ryw’i-ij lI windings has proved in be n uhcTii] nu-lhud nf 
applying such correct inns, 

franc, 11 at the University nf Michigan. Iirts chosen to 
avoid some of the difficulties nf the betatron -flirt by injecting 
electrons ul aland U)il kev and frequency-mtH hi listing she rf 
cavity tuiLil the ckri much relativistic velum to '['he 
rtieliiod in sound in principle, but hius introduced othordiflinillioa 
of erpii valent magnitude in the frequency mndukilHiri Another 
future piunw-red by Crime ialiie “mro-i park" mngnrt, its which 
two svmicimjEnr sectors un? spared by nvu tA might grrrtomk 
Dennison tuid Uerlus 11 have shown thsit such :m iiiTungetneiit 
result 0 ill equivalently stable nr hits, and I heir predictions are 
justified experimentally. 

3 .5 liadinfrequeiiry Acer 1 era lion 

The Igqi hi* rosy- which the rf voltage- « applied for nmdem- 
li"ii is usually I he open end of rs quarter-wave roxNiniil envitv, 
driven at its rewuumf frequency by n vacuum tube nsrillator 
ctn’iiil. In the tuosl efficient design the quarter-wave cavity 
forin.= jt sector of tin' yla.-* or eemmir vacuum rhamlwr by having 
fhr inner and mder surfaces routed with conducting material 
Tlsr desired refflonunt frequency ip determined Lis advance front 
the orbit mdtua, following EJq. 3-2. Sueli a resonator am have 
a relatively high Q, so I be necessary voltage mn 1st- obtained 
wills is small pawcr input to Ills' cavity. The simplicity tmd 
low power requirements of the rf accelerator for the synchrotron 
const [tale one of il- primary advantages. 
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The- |m uk voltage developed across tin 1 gap should I -e about 
V "2 times S he average vnllfi-pcr-t.urJi requirements, in order that 
iln< ci|hiiti3jrliim phase angle !»■ iduud 15°, whhh is adequate for 
-:yiii'lji'Hn h i> ufliiillaiioMN. This required vuHa-pcr-tum V is 
uhi.iMSind from the rule oi riae cnI magnetic held,. !>eing given by: 

V - 2mr! dBjM {3 4) 

Evaluating fur u sy.sS.Gim in which the magnetic cycle has a rise 
rate iletermhus[ by ti Ij&flic flO-cycle frequency and u 1(1-kilo 
ivansf- jH-nk liehh mu I an equilibrium mini nidiue nf l m p the 
volljigc needed per I urn for re^aium acceleration is 3,0 kv, 
Variation of lit* phase angle is named imps Utod to provide damp¬ 
ing uf phage tiscilkitiotifl following injection. This can lie ac¬ 
complished by applying n rising vohtige to the grip, equivalent 
to decreasing the phase angle. 

The qimrfcer-witve rcsoimnl cavity can fie made physically 
shorter ihun the DCf in are aWHmted with fundnmonfciil resu¬ 
ming wish vtiloeity-ofdight purtidea by loading it with material 
of ;i ii'illi difeleririe constant, The pmiideal methyl of amun- 
plishiiiK this result is to form the resonator of a high dielectric 
rename and make it a sectitKi of the vacuum chamber* with 
plated cieetrodpfl inside and outside the sector to form the cun.- 
duedng walls (it the tavity, and mi insulated gap at one end 
acroKi whii-h the rf voltage is developed. Ommics having 
dielectric vonsimitH of up to #11 are available for this purpose. 
The plated walk are bribed Longitudinally with Hcmtchfes to 
insulate against eddy currant which otherwiBe would t-u de¬ 
veloped in the ecu [ducting aurfares. Figure 3 3 is a sketch of 
midi n resonator developed for the 33 D-Moy synchrotron at 1 lie 
Massm^huHCffef^ Institute uf Technology. The 50-Me ots.illittr.rr 
is coupled to i.lie resonator by capacitatlve coupling near rhe 
rf node of the cpinrier-wave cavity. Potentials uf 3 to 4 kv 
peak are developed across the open cm I nf the resonant, cavity 
with an input power to the oedUator of about 10 kw. 

An alternate resonator the half-wavp drift tube nr C 
electrode—was developed at the University of California, but 
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wjifi eventually dfepUrttfJ by the simpk cpiartor-wM-e luiuJed 
rai ipv. ^ith i hr hulf-u-i velL'n^tli or pnfeul uiJh in ifn- 

pTQlwr phase m-v i|rvi?|ijjii' E | at. e:irfi end, Eirni the pnrlieh* revive 
two acne If rations per turn. A longt h somewhat |r*si O.uui 180 ' 
hi lire allowable, if Xhv it pf died poteimalfl Lire HliitjvbJy larger 
l.lxiMi the desired maximum vulture per turn- Smh n C elae* 
fi'iviib tuiM oJsn ho laminated iilung its hsrijilh io oslm■* eddy 
currents. The eomplioatioris of supporting siuh a hm% hollow 
sttricture in the vacuum chamber* with Lhe of 

hirniimtimi' made this a mure diltjrult iri'hiiical problem, But 
m principle any r Strode flyutem would tie tatisfaeiory which 
provider it phased rf voltage of proper magnitude, 

S-6 Target Arrangements 

Various t^ohuiquea hayi> been uaed tn h lirr-i-t the beam of 
hjflJi-eiie-Tijsy Hecl-ruris ajpiinai n tarfjet at the end of the utTifleno 
l ion interval IT the ayriehroTiruitj rf ayateim write operated rmi- 
timtnusLy while the magnet ie field decreased from its peak, the 
particles would shift automatically into the dreeiemtirig phase 



Fm. 3 - 3 . Skoteh of qimrlftf-wiiva ruvity rvun. 
tLciior for tlift MftBWU?hiifltfUs liiHtitiihi □■£ Tec’hnoli.pity 
pyrnihrutroii. 
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.nut b" t'ritui'i-rl in energy ail constant radium Stitne disforticm 
of she rv.-m Eunice relation ih reijEiiml Ut font 1 the elec trims into 
an orliil larp- ermngh or small enough to ms like a fixed target a< 
lie- mper nr inm-T will] bine .simple method of causing the 
| *1 ill* I- - 111 ri i align ni'liil radii in i- to turn off the rf drive while 

i In- held is still rising. The electrons then npiraj into 

lln-iimei wall of the doughnut vjimuin ehnmber, where they ran 
- 1 like a fixed fcfljgek Another method is to decrease frequency 
slightly, Vt fiii'I. ■•‘ui.iwp an increase in the equilibrium orbit radius. 
Magnetic iuhmniigerieitieH run b k jntrodiii'ed to cause a change 

ii nriiil • • -: 11 ■ l-'nr example. if :l i inkc • i figure cighl winding 
in mind I wo sietnirimiliir halves of the magnet i* closed while 
she mugneiie field in si il l iiuTetiwng, l>ai■ induced cummin in- 
wv.a -i- held ill; fine half ami decrease it in the other. This will 
fon ■■ dn electrons liil.u elUplira] Ttscijllfitinruq mid ran \v ur- 
rnngi'd they strike u target at the desired location. 

Eliv irons in I lie synch rut rmi experience n, central acceleru- 
I mi b*rjMEH*' of I heir circular motion in the orbit, which 
in railitilifi'ii of eieel ruimgiietis: energy. This radiation extends 
in wavelength over the entire elertrmiuiguptie sjjertmm from 
■hi I ■ ■■ energy liinil "i ^ herein radial.ion tp. 50-AI-' frequency 
i -i i ha i he dirii- iishii' ■ and ’-or ih tun In applying ro u S 50 -Wev 

lunch i.Jhri'ii^h thiM irahle and up to tliO maximum energy of 

1 Ii-- I’li'eirm in i'um^]MiiKlmg So ri frequency of ft.4 X tfP cycle*; 
jier second sil Me\ The (henry of ihr* iitTeleration iiulm- 
■ "i 1 1 a — been ghci by frhwinger/ who shows thin the peak 
intensity (jH>r wavelength interval ; for SfrfkMev electrons occurs 
in id unit Tit A, or in Ihe region of die far likm violet. Tin? 
visible portion of (hit *|HTtrum ia ofy*-rvnble during acceleration 
i prefer ii lily h y IN’ nf a mirror tn avoid radiation exposure- us a 
lunvjn'rl-iLin-ftiil drum ot while Imhl. Sitme visible mdiiiriou r 
of a dull red color, becomes iMHiecfthte al ulnar! BO Mev h Ijccomes 
white and most intense at altfvuj 21K) Mev. and then decreases 
in infimsity- mi ifie visible) for higher elect tun energies. The 
forward cone has a luLlf-atigle which deeraflaes with increasing 
energy of the dcetmiift and t.wimmts km than U_3“ for ^betrnns 
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of 35ft Mov. Tola] otiergy lo-yt by tiiElktum im with. the 
fourth power of the electron energy (expressed in terins of ilie 
ratio of tottil cneqjy to rest energy) if orbil radius i* eon?itaiii fc 
as described in Chap. 2. 

The hrss of energy hy radiation is about 1.00 ev y^r turn 
eh ;^KJ Mev energy and is Lxwtpen.sated automatically hy l.lir 
phased ri uccelcmtlng electric 1 Bold. Any lo,s?i of energy results 
in a temporary rcdnetEon m orhh radium and in orhilul frequency 
of the pfe Irons Tills causes a dliifi in phase of ertwwing the 
gup w* the deertran acquires mm* energy \mr turn, jusl, sufficient 
to maintain synchronous Acceleration. 

The radiation from a target is id m a continuous ilurtri bil¬ 
lion of x-myn extending up to the maximum energy of the r-ler- 
trana. The low-energy radiation in I he vitdlilo and ullruvintel 
is absorbed in the inriirl and the wall of ihe vacuum chamber, 
so I he shape of the energy distribution emerging from Ihe 
[Hardline is distorts 1 to favor ihe holier-energy radiations 
This lieam of high^iieigy x-rays on-ura iis ti sharp pulse in time-, 
of a rlnration depending cm ihe lime required for I he electrons- 
to spiral into and hit the target p and iiujdukted ui ihe parthik- 
btineh rriliiiion frequency of about 5b Ala. When a short pulse 
is desired, a rapid ejection scheme is used, and pulses as shorl as 
1 Tuicroawiond have t*on obtained. On the other hand, some* 
types of measurement using dcvlroriic ut*i ru mental ion are must 
sar.iefn£tory when the pulse length is spread out in lime, uml 
under bast conditions fmJ.se- length* of 2500 mirmsemnda have 

obtained, 

Measurements of on (put intensity are ridfniilfc, because of 
the wide range in frequency of ihe emitted radial inn amt ihe 
relatively narrow nuikT of sensitivity of lino several available 
detection devices. Catormierrii' uhsnrpi ion of ilic cm ire beam 
it limited by the penetration of r ho hi.gh-ene.tg>’ \-mv> and by 
the mnnssity of applying cortW'tions for idwrptiiM iu Ihe lurget 
ami window. Total ionization raeaisiircmcnts nn 1 similarly 
limited by the physical reqiurGme&t* of an ionjfiiLirm chamber. 
I'llcct mu-pair production is a quit*effective measure of intensity 
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!i( cl tn I lifting inrisy mil nf the spifl-nim, Inn ii i-&nnul «.vl«t>d the* 
mivrurvnu-nt;- LHim’ tin- l.linvihitlcJ nl I Mev mutkv. Tliln- 
w ii Util i'Hiizjitiim eluimljcrK i±ri' mirnmlly iisni tn nlitsiti ;i tmm 
tin- frtnii tvliicli tnl.fil Inpsuh iiiirnHtv nut hr I'sUmliLUiL V\ hen 
I’ltnvi-rttHl sen in iltr himilifir mi n i t (fun unit <tf \-rftyH, thr iml|jut 
■'I 1100 \k in fumiil lit ln> lihimt i r'|mU i :tl :i <||»tilhri >>f I 
in hi*iil« ' j iit. <11 Inn I :iHi| iil | In- I'criCrr of tin 1 [-tniirul ts<8m f 
iJi'tP'iuliiiC on pulse rt-jMiUliitit utLe, the viuiuiw niarhineB. 
ojii'miiim m JM.KI in 3.W Mcv ufivu vrity linirnh nf ilir rtnier u( 
1110(1 r mill in I rn. 
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4 A IvEidy Odvr1ii|imcni 

The rHutivinlii: limitation nn energy for fiml-freijiierir^ 
rydoLroiiH hum reatrkted ihe of magneta in tlie order of 
Win nltamiHer pule fare and Ifn H proton or deuleruii energy ir* 
alirtn.it, 23 Mih Thin limit m &rt by She rtduli viHtie increase rn 
mass of lb* 1 m\&, whtrh eauNr* I he hm mUilmti freqtreiiej to 

iJerreade, m thjit the ions iIrisp out ni res. . wish the fixed 

frequency applied eleHrir ftafel 

Thiti maxiHiUirk oiu-ikv limitation can l*- removed hi m I (he 
iona Mcelerated indrlmitely if tin- upjilic^I frequency i:- varied hi 
match exactly the inn rotation frequency. In Ghaj> 2 il wa> 
shown that particles in pfoiuse^tabte nrhitn in a cyclotron will 
follow n alow change in applied frequently. Tin- pfafu# of prov¬ 
ing the teieekrating gap ondl Ultra abimi a mean value which 
allows juHt sufficient energy uiep*asc per turn lo uminiuin 

resonance with the changing Frequency. 

Whou fii'i|S!s-nev i? varied cyclically, a r-lnirt hunch of ions 
will hr acrrlnmtBd to high energy in rjicb Freqiiimry sweep, re- 
anltirip in a mjucticc of such bursts nccurriilg ai the rnrhiubtion 
frequency^ The reduced effective duty eyrie results in u much 
lower average inn nut | mi than in the eomrntinuttl rycintmn 
fulriini \%), hut il avoids 1 he resemumv limhaiiim dim in a 
fixed frequency and allows m'odrnviimi to much higher energies, 

Thenae of frequency modulation a* a remedy for tin 1 relu- 
Uviatie limitation? of the cyclotron was ftijgge*rt;ei l by McMillan, 
of the Univcrritv nf California, and mdepciiilciiity hy Veksler, 

* AiflJi kunwjj as c h<3 frrijURm: v m in! i j I.'! L-pil, Iir I In e>rJirtmi. 
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T TIE $ V N CHitt W YCI A JTRtIN 6! 

-■f Hu ( T .S.S.l!. jn HH-V The IS I-ill. magnet ;ii the ImvetfliLy 
ill i hud tiripiudly been ruiimveri zls it giant .standard 

ryvlntmti by Prafettictr E. 0. Luii'iemi 1 and his ro-workers. Ji 
wsts :irv-i-infilt il nnd lined fur experimental purposes in the Mau- 
h.iium )*itf1riri during W-irId War II lual wits nut 11 unfili. Li-ti elk 
:l ityi'liit.rim, \t thn end nf 1 1 n■ war when McMillan prafKKsed 
the use of r1 1 :<ji h l iii k y imMliilai ion p it bet-aim? obvious- r hn.t ihui 
nirilnwl wiiLild ivwiLf in higher eriei^ieH, and phms were made Is? 

urn veil ilir mugnel in ur a f^iHnxuy Hutton. 

M l j e JirrfE if--i nf ilii« inNii-ijjle, ui Beikidey, warn made rm 
iln- older aj-iri ryHnlrnn magnet by an ingenii.iiaa nielliod ui 
siimdnlmg the espeetrd I'dalivitttk iinj** th^n^e vdtll an eftiag- 
germed rail in I deenNise in the iiLLtmiebe fink I Ion roltdioai fre- 
queney will ricim-itfe ui very high eftiTjckw owing Ui the rekdivis- 
tLr- mrrrajse an amsa It fan :il>n» be untile U> decmme with 
hirmrtmg energy lu .1 small eyejrdmn if the magnet tr liski at 
large radii is r^lneiil Mow 1 lie I'enlml field. The ie#1 watt 
inmI k Ii-iI on the anlieipatfs I operation ni 1 Em- Ift-t-im ryH.nlron. 
IhHaieruhjs ui 2110 Mcv would enpericftit an 11 % im'ivaa* in 
mu-- during ureeLemLioii. The aasMeUCii rhiUlge in frequoTiey, 

pill- Hi : L JI h r:: 'in.it 2 r -i fur thr cat li:ii rlmv.’jiae ill field I'equined 

I'M lueiidrig, would require u totjjJ Frpqunney ehftnge nf l.3 4 v 
during iuvi'1. niiiuji To dupheau- this Frcrpirney change the 
in Id ui the 37-in magnet wa* 1 equipped with radially tapered 
fmh- luees, requiring ii Ui% nuNhiliii km in frequenry to maintain 
1 j - h.-. 11 j- ui(h the low energy (7-Mrvi dmteroaiB jirorlinxib 
With this arrrtngcniLMit the twhiiiqurc nf fm|nnue r y mnihilnt.inri 
enuld t*- studied, anti the priori pie uf phu-He-Htal'Ie Kynchmnmifl 
acveleratmu eould Ih- 1 U^nI. 

Tlw results uf tlie :i7-iu hum lei 1^1 wrrr eumpletely s m i - 
eessful The 1 dmitertm^ reimiiued ha renmuun > r i‘nr many fhmj- 
fianii.h nf revoluUniRhp eiiijdid.iiig I lie thiuiy auul paving valujibli? 
d:ii.‘i for the eonM-r-i'ni 1 >F the iH-t-iu. magnel iin t.hi^ synehrrh 
rye lot ron jiria triple. 

The 184-in eyHotnn I'mnghi min iifjenitmn in 

X^vembi-r, I94(S T wivlemting deutemnB in IfliS Mev ur He 
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tuns tfi ^S4> Mrv. The development Was UoLilfe t'oi" its spnedy 
m&mmf illuirt rating Llai> of I ho prihdple Of plrnse 

stEihilitv lLem L lb® aimpliriEy i«i the kvhtiLijiieti. Severn! ycmv 
luk'r i ho mibfr^jii^ni:y system was rebuilt hi allow tuning to 
higher (requendey far proton moderation* and U wu* eventually 
tuned up to produce protons of $30 \ltv energy. 

The hntmniiiile sucee^ of the Berkeley laboratory led 
others to build sbnibir aivdemuaf* Table -l-i hFiuvvh u listing 
of the tiirgcr sypchittevdot rods, giving pole diameter, to a dm uni 
nwtgJieii^ iiehLaiul pan ide energy The hi dun! eueigy readied 
to date is l^bMi-v protons with the luiiversity of Chicago 
machine. The lS44ti. magnet nr Berkeley is now Luring rebuilt 
with Wgfier power nml higher magnetic Ik-lib io jm.nllire protons 
of 7^1 J Mi v. Tin largest new machine pUuineil is being i leagued 
for rhe CERN (Western European) Uibnmtury m Geneva* 
wbiqih will U* capable of p not luring protons of d*] Mcv energy. 

1-2 IViiit ipLe of Operation 

In the eydotmn an approximately uniform magnetic Held 
iii used to roost rain the ic\m in dmilar orbits, so they pass ninny 
tlines through the rf electric Hold of a large P araiiriraijlifcr, hollow 
def.iirode; culled a D. The frequency applied to the deetrotle ik 
jLlerilinui with the inn rotation fiwjiieiiey, so 1 lull tile pgrtidra 
experience an aenelrnatiiui on each 1 raversl of the accelerating 
gup Ptirtiries cross the gap, lu-iweeii the diametral face of the 
I * and n dummy l) nt ground potential, twice during each revolt) 
iimi Thu magnitude n-t the ^irretemtifsn -d eaeli cim^ing [It 1 
fiends on the uustaiitanomis rf voltage, and so on the phnse of 
c-roffiiig the gap relative to tin? rf wave. As the ions gam in 
energy on each traversal of the gap, they travel in siries of 
larger radii,, ullimjilely ranching the nwn mum pmetirul rad Elia 
Tbr problem fs to keep the ls>n* in prairie rc imimce with ihe 
applied rf held for a very large number of revolutions. 

Resonance iy mam turned jiutomati cully in the ctynchm- 
i , yi , loirou through the principle of pilose stability t Jseiflatjuns 
ore nr in the plitwseui' which itn is mjss the gpp, about mi average 
ph*w which produce* just sufficient voltage per turn to keep the 
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parUckH in re&oiuini-t'. The rneHiQnmm liais Imwj nxpkynficl in 
«cmm i li-i Etil in Chap. 2. 

The rrilntion governing ton raUition frequency lias bwn 
presented in Chap. 2 m: 
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Here/* is the loWH^ior^V oyduiroii Imiliumy I ■ v Uic muuiirl n 

iiM JUHl i.llh ■■llJUiri^Sn-mJC-r UllU I fj( ill, UilMB* W I 1 If-' 

tjuciriL’.y / must Sh- dev reaped Mow /„ wlit-ri kinH ir enerizy T 
Iwr.amm significant relative to reel energy /'.. For pruli ulh iA 
kinetic energy T m Mev unite* Lei ei field B m webem per square 
meter (unit# of Hi ,000 ptuse) t the f jth [iieiicy in \iWvn Uy: 


f - 


warns 

wa + r-*'** 


(Ida) 


Figure 4-1 b a pfot uf the relative chaise uf frequency in terms 
of ///> sls a function of energy* valid fur any uniform valise uf 
magnetic held ft, The total frequency thviiiu uhlh!. lJjkj include 
fehc effect of ihe designed Jecranse in fold, /f with incniamn^ 
radius required for FouagiiifL Aa an ejcamplr, if the fold drops 
by and the frequency decrauie attiorinicd with 100 Mev 
proteins (computed from Ksj. 4-1 a) is. 30%, Ehe? tultd frequency 
swing required will In? 35%. 

For continuous operation the Frequency m modulated 
cyclically hy a rotating capacitor in the rc-sontmt D dr Oust 



KiCr J-t. Variation of orbital rmqiifliudy///« for prclonnm n nna 
form DiAgufilta Cold on a funclian rif proton tiuptic eogr^y. 
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The frccpieiiry dinngfi jib n fiinnrinn ejf lime fc*r u typiral dreuii 

wilh bin'll :i rui siting mpm'itor is itlustmtcil in Fig, During 
i 'M'h *weej> n t«mrli nl' imm in amflcrated in high energy* the 
nut pm musist*? iff fillip cu lhecydir frerineuey. 

Tin phM^-pS nf flu* | 4 w-SiMi*M||ruini!fs run |w‘ vibauUmnl with 
ill!" ILI 11 III' Fig 4 -& whirli IH ft jrlcil nf 1 hi? voltage Itnrnaa the gap 
■r- :i 11 UM '1 mil nf time PurtHi® wbh'h eyosa a! the *f|uilibtim© 
phaa? f, will recent exnftly the right fliTPlcrntmei, IV* to reran!© 
in re-sfmjimir. am! will htosp iit the name phase rm suhnapitiiil 
traversal* of the gap. \ iwtide eroeaing at phone t, will gain 
ion much energy, and it# foxjramcy will iIchtjlw eih shown by 



l-n. i 2. Fnsqujrm'y mndutBlUn *i[ jl rf nrrtiU mi Slicing n rptjit 
iiill i:u |ji krilur in-E wcrjil tniliiJ fmLUitficy ulid IiclilI fix 1 LpiL^kty /j Par- 
Lirles Sfcrt! jamdomterl dnrmpr l hm intervale l s t : , rpfluP.inp; iu Imrtte 
6 f high-energy jmruele*i M lhr eydia |K.rknl T 



J-'h; -i-H Orijgl Ek Ilf phaa# *todll Ltl Lorui. Par tic I is wffcSHi criitt 

i lw.' ubiwIb tilling iiH |j m lime acquire was* pnpFgy, mtaln m reduraki 
fraqjimncy and aro delayed in eutacqucbl rnniURt, itlue.r ruled ijy points 
U and fi . Contiuuatinq id ihi.-. ifiutkiii Ji-adn l.a iMdlliktf&Jia ii-i pi 
about the equilibrium ph §m U 
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1'a\. 1-1; (he fL'iltiiTil frequency will the |Kirtii't<- la h- 

delayed in *ubH£i |iu-giL iraveimh of llir gup, illuwl-rnNil by pomfr. 
fer ^a. This represent* a Emigration of jlmse LmvtLnJ the 
equilibrium phase, The inverse situation, in which the part,tele 
crosses ill a time when ii nimvren 14iu small (or even twgriLive) 
acceleration, will ritao re.-nll in iTstui’iug the phiL-c inward the 
equilihriEiin phase Hu dir partHe* awiiljih- in phn^- of 
n'lX^scin ihn gap, ^iirthi^ !Ui average aimuml of energy jnni 
Htiffi l- it*iat to miuiUiuii rpMjnaiiiv. The i!etniI h ul Mic phiUM 5 
nseillatioij-s mnl miHluak ul rnmpiLLuij* the I'vniiU'iirv mid 
&mplituile uF the o*dlklimse in energy and in rndkl kN'nl.hiu ure 
given in (Imp. 2. 

1-5 Tim Mygnclk Field 

Pfirlirle energy attained in ji syrnhnHyWolmii i* ilcriT- 
miiiprl hy if it" inagiintje held m the miutimam nr bit mdiuK ii. 
The quad ml ic rt-lut ion given in Chnp. 2 is: 

T* + 2 m = ^B^R 1 ( 4 - 3 ) 

N'umeriml values csbc;um .I I nns lliisirhiitiuJi Sat protons, deuli r- 
I'lji^. uml lie 1 Lons' Mail illustrate I lie 1 1irrx^iimi*tir&l r-rMi.uitwiviit^ 
of the accelerator inv also pnwnlpd in Chap. 2. Maximum 
mwgncUo field is severely iratricU'd hy the perriieuhiiity limits 
t?i iroil h at about 18 to 20 kiloguii^ The held ,:lI llie inLixiiunm 
orbit radius is Hl.itl further reduced by the requirement* for 

focusing. Maximum orbit radius must bo iiemlV 0 m< n*g. <rf 

■-i.iliility fur free uucilktioiis, which is well will is el the pbydrnl 
edge of the pole faces* Careful co n to urin g of [ho pQk fiux? sur- 
kiTs will prod Line a field in which Mils point i- iiir-i.k lln- pok 
fdjsrs h about uHt'-hulf the gap length Hu ramp ml pok faw 
■ [mine tor must be u mi Minium of twice llie urbit nuliii- required 
for the desired energy plus one pole gap hmgth. 

jUagoci. weight increases roughly with the eidw nf pole 
diameter, In the Tow-energy, noiirdaUvistiu mn^, pnriiHc 
energy varies with Lise aquare ol orbit rodirn, Thus mugnd 
weight for small cyclotrons is roughly profsjrtiuiuiL tr> the ^ 
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power iif tie tnir+rgy: wf — l r " J Hut few higher vnefgirSp 
particle em j rgy itppriutrlieh a lisimr prfqiurticmidity with radius, 
lleilL ilu magnet weight inn'c-use^ mure mpidly h approaching dm 
relation rW — TV Thin rapid mereahc in wfrirfil ajut njsl talhr 
rliitiF limitation on the practical niaximum energy fur etyTK-hro- 
rvrkitn.Ui b. 

The tnaKiiMic cimht i* of a basically simple nlmduiv. 
Hi il ini rij 4 I lie II 1 yjie frame with dual return rirriiitfl I'oniTnority 
employed Un smaller ryrluirimh llu? frame constat* of tax 
* 1 1 “ii h■■ 11 1:- rwr> [Hiles, i wo yoke*, and two upright The poles 
are cylinder^ machined in a good liuiah, uanvtrmi?* tapered in 
:im;lI!i I . | ■: 11111 r • r a I the gap t ami (emit Mali ill? in pole face dinks 
which are enri toured to give the rmlhilly decreasing field required 
i--r focusing. The yokefl and uprights sure reetftnguliir machined 
Uiruuiii." arranged t.n carry (he Intel of the sfntctrac and In have 
a magnetic flux path aft shori rs practical In the larger 
nwhini* each nf these six elements must he built op m' *eveml 
separate shilis, to keep the unit weight within hums minimi for 
handling anil assembly* Tlir preejaiari required in finl-nctt* eiIii.1 
Iili i : 1 1li 1 1 1 kithe gap ia of t.hi' unler of f Mil in. # a .were ri^iiiLre- 
ini'iil mi machining such llarge atmelun 1 ^. Pigure L-4 *s all 
illiuTral inn uf the I. litrngo magnet. ^hnwitig the audelnlity. 

Ksi-ifehig windings nre tftadtH uf JlaL, Liyer-wnund coils* 
around tin? two pules divided into two kieistiml euib syimnetri- 
i'Lilly -p ;li ciI from the gup. The chief vruiatiun in dv.yatin is in 
the inetln.n l of cooling I tic- cum hi t 1 tors, Example* of air- 
hluat cooling, oibhuth cooling* and internal water or nil How 
(It rough idtuunelB in l.he rouductoni. 

Tin? cntcwririg of the |Kile fares In give a small radial 
decrease in held, i- illustrated in Fig 4 1 -T. taken from the Chi¬ 
cago design qudy report. Such .’-manuring give*- a comply 
shaped held for only a narrow mage nf values of the field, duo 
to the eflW’tR of satumtioN of iron, The numerical value of u 
in the re®on of acceleration varies smoothly tnm aero nl the 
renter lu nliniit 0,06 at. large radii. Then as I he field falls off 
rapidly near the pole edge, U-Punsc of fringing rfftails, (he vxduit 
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■ ■I n rises sharply. A \Au\ uf rt value as a fnm'tiun uf radius is 
id** shown in Fig 4-3. The - mli E<mi rise m n stmls ul 75 

in. radius tor the t'liirugo nmduru.% ami ir rc^'Jir^ n - 0,2 me 
7fi.5 in., mul (lip limit of stability r.if --= 1.(1) at 7^ in. 

Thu it — II.20 point represents thv maximum limit for 
im^luraiioL] mill ilvitm;- On- imtxiiimiii energy. At litis value? of 
n w (lEmmnm* rrauiAnrp woure be!iveen the radial and verdea! 
uttfiLlnticin-i. And the milial fn^utuLry lh just 1 wire the vrrlieal 
fniiui-uiy The foiLin "Hmis up ihm vi rtird mvi lint ions and 
in lost Against die top ami Irnttom ^irlures uf I lie [> Frol* 1 
targets are located inside thih mil illft mid deflection H-yatenia for 



Fm. 44. RdwAhatk diagram ui tin' I'tileapi 15f|i in. diameu-f 
BjncihirmyHoiran magnet, flhmrtng i he aa&emtjly i*F bIuIkh e&iiiI -lwkii, Thu 
magnet i> rxclieil hy twn current rrtf tying mils Lm -i 1 n<l symmefajrj rally 

tllaJUL Lhil pip 
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riH, 4 5 iMr f. n- rnntaur ni tins Cbiafcgo nULRnol to proviUn 
I In- mMi-lII■■ jkn.'tx'JAfljjni tiuM u^iIck) for fodluunjc. witil 11 plot of flu* 
-11 • i ih! i > i".u rttdJHP xl. onu vnluo *if ttteivainn Tlso plot of N-v^lue m. 
mdilli illkwi rrUois the flxtxiitt of t In*- mufti] ro^km of fiol4 

lui I'lnerf^mt Ik-sun of iomri nuird atari tJieir defections 

lifti 1 . 

Btiriii” iunn muy hay* j Htnull oiiaugh osrilkkliuii amplitude# 
to ^iirvivo js»h 1 iho n = 11.20 jwiiiiiru'p. If lliey irmy to lwt 
I'Y jmoE.tor kimniiiii- iramumee jl t ji - 0 r !3ft betwei’U Lhe verttml 
i^i'illiiiHUi mill the orbital. fc'ivtuietuiy. If ions survive 

I mill, they msy reach the limit of stability ai ti 1.0. ’where 
thi- pftthfl become iiptrtsiiiK flpUiih- In one cyilolmn an nfr- 
dUiignipkiL' fi-rnril nf the mtlbiljuu from ihe D f n flowed three 
um b L , um , *|>rmrliiig 1.u the je^onnjiep lii n “ 0.20, one at 
pi = IL25, and one for it = 1.0. 
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t. l I Lire Kflii'iniri 

I [»■ iiiU'iLflily nl iIn- resonant inn b-iun depend- «tn (in. 

I Lumber oJ ions i-ji plurtnl in tilithlc syurhnmniyt nrhits itt the 
slnrt ‘>f umdrrul inn Ions arc emitted I'min n gn^'Oiix dift-haigc 
«IUH* ai the venter III' lb? .'handier. (|llitt- -iimilm to 11n source 
lift'd in standard cyclotrons. Igils arc nereleruicd in Imiii'liit’ 
during the frequency fwwpy, so r Fn-n- is imly n limited i intc 
interval ill which ions emitted from tin- source run |*. accepted 
into fctubte orbits. The source is usually pulsed to provide t,lm 
maximum stemmy ion output during u Him wiiirh overlaps ilii- 
iuceptant'c interval. lolls funned during iJie pulse am drawn 
Inward and into the T) by the applied rf potential. Capture 
efficiency rail fir drlmed asilie ralimil inns arcepred ml..-i r d>Ic 
L(riiit/s iluriim the fu'ccpbuici 1 interval to I hi- nmxirnuM nutiilicr 
iKwsililfi with coni unions o|nraiian at couhUuii fm|iictn Tin* 
Cidculal inn of . iiptimi rdTh/fency is one uf liar principal uhjen- ..I 
theoretical studies, and the primary problem in design is that 
of inuximMtiK euptnne efficiency, or the effective duty cycle. 

liolihFL and iulify 1 luive worked mu the I hfinv uf jnn 

buiwhlni? mid of capture in phiisc-stahl.fhii.s Their analysis 

shows (fir liraiiiiiE jilunw uiiples of partirlcs fur mptum relative 

1<> die rf piiii.se, arid I lie frerjiietiry diffen.. IseUvcf.pplied 

frequency and the resonant ion rotation frequency which wilt 
lw JUcepUsL They cooipurc the insnintai icons prulmLiJity <>i 
wtptu«! of an ion uni] inti-urale uvnr ilio phiL*' iinglr and dll' 
liiiic interval representing the frequency difference in nhlii.Ui im 
overall or limp-average rupture 1 riEeienty, 

I\ I m• 111[ionI ill mcasMivriieills reported h> Hnhm and f’nldy 
of I learn intensity in the Berkeley IRI-in r ryvkilrMtisis ji function 
uf Mu- mlt 1 uf frrt|iuwy imwlulution asul tin il u*huur 

(whis-h ileliirntitir^ ifn ^luilibrilitp phasr verify rhr 

t buoret-tml |)mliptiGns_ The futK Ctorml Hulbhn mv in rxvrlh'iil- 
ijijulitalive ftfcreuinoNl, iiud even the total iiiruii-Hi ii- nrr i-s 
rcas&iuihle i^wnieni with the eumpiihd mi U-jim 

iiriL-ieii v. Other Mpfirationtkl rvbtihs mt-J J'm|]n-r i-hjoi^kijn> with 
the theory arc descnlifld by Hettfit k h r Sewell, amt Vale, 1 ' SiiJl 
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further i-imlirmal.iuii cuiucb- from the tftdvcTMily of Chicago 
meaHimirncril* tiiid tests, These rranlb* are ^.Efficient hi :-huw 
Umi dir mcrhnni^m of ion hunching; and capture w ttakumahly 
well uiujffmtooh. 

t.~i Hadcol'rripit iir> 0^riiltil.i>P 

The variable frnfpHshey system for (xnveriag the l) in a 
synch rcicydot.roii depends for its fraejueney variation on the 
mechanical modulation of l hi- sc-munil D cjmijl. 1 1 v u rotating 
variable capacitor. "Ilie rf power to drive the circuit ufOtncf 
From n closely coupled, self-excited o^dilator, which must Lave 
brand hum I characteristics to mver the wide frequency ranges 
A range of frequency modkiLLtion of over W % required fur 
high-energy protons in ihe larger machines, and if both protons 
and dc ut.frrma are In bn neederatfs] wil li the .~-uni6 rf synt.-cm, the 
range extends over :\ fm tor of 2 or mote. The ttlLTliOrlcnl valuta 
of frec|Uon.L'ipi4 ratal from ilIhiiii 30 Mr i low-*?iicrgy protoQ 
resonance at a magnetic field of 120 kilogmiRHi l.n 10 Air (dou- 
temns of 300 Mh ni L r i kilogmisa)- The quarler-wavelength 
of 30 Mr rudhdion e about IS ft, ri.uil ?n it islets ibnti Use physical 
dime unions of thechamber and cEcctmdds. Timing such a large 
physical mrcLfrm oxer this wide frequency range filings m many 
tetihmcul a nd elec I rim] proMcme. 

Several mpthndH of coupling (he variable capacitor to ihe 
D circuit are dini'Hosed in the paper by Schmidt'’ which deHeiibes 
Use system used for I lie mode] test.s on I be 37-in. magnet ! hr 
intl1n.Nl tLm a i[ fur ihe model, ami I he brat system usrd for the 
181-in. machine/^ ia shown in Fig. idki. Ii i,s buHieudy a half- 
wave resonant line, loaded with ihe It al one end and the 
variable i 'u pad lor at. ihe fur end of ihe D-stern and having a 
coupling loop 1o the ottuillator IocuI'.ihJ near ihe if nofle. 

A revised rf system for large tiynehroc\vllo[miss wub de- 
nuned by MarKclizic. " It allow* tuning over a. wider frequency 
range to cover both proton and deol.troit re^onnmie. In this 
system n. slub title is ad i led behind the capacitor, with u a rounded 
nude ml the end of the al.ub line. This is equivalent to making 
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the D circuit a thrtt-quurtcr wavelength resoruint line, juh 3 il is 
called the three-quarter-wave ciivuii, illustrated in Fig t-fih* 
In linjtug fiver thui broad frequency range the rircuil shifts 
gradually from a tJire&quarier wave Resonance ni high fn:- 
quencieH to u quarter-wave resonnuce at low frequctides* 

!■ i * i both ffyHtemfl dwvrihed above the rotating capuritur is 
located externally to the feyeh>lruri p in it*? own separate vacuum 
elimnbcr. The primary prol ilenw are the todmicul ones uf 
structural strength in rotation and electrical iMtiuhii-iun uf tins 
rotor Lctach and brushes must- he ijftfjjmcd for low rf reai^ 
tsncc, Maximum capacitance requires clou sparing uf the 
blades^ Lirifl Hpark breakdown ixitwcen Maries is a lhuitalhm; 
smooth. mi index] rumors, highly polished rarfuce^ and faai 
pumps which result in a good vacuum are essential. 

Smaller cyclotrons can use a simpler arrangement of I he 
rotating capacitor known ns the quarter-wavriength circuit ami 
illiiHtmtcil in fig, MV, Tins capacitor is Located at the huckuf 
tile, U> which is supporter! on two quarter-wave stub lines, where 
it. effectively tunes the electrical length of the quarter-wave 
System P In thin I oration the capacitor is within tin,' ryelol run 
vacuum chamber and rotates in ilu? magnetic fringing fields at 
if jo odge of the poles. The same basic design of multiple, 
parallel plates ia eniplayed. At Rochester fits? capaeiitir blade* 
ate made uf i-eraniic ami are silver plated to redmic wl-dy current 
beatijag due to rotation in the magnetic field. 

in the Columbia I'niven-ity installation a nUHlitication of 
i flu qtijiri er-wave cavity msmiudor is used* even though dirnerj 
stems are large that the P-ettun stub lines reduce to stem 
length. The capacitor ia local ud along the lending edge of the 
H in the silling magnetic field l^tween (Hi3re p alJu r,iI■ ■■ b in Fig 
4-0d. Two rows of rotor Made* are used for symmetry, one 
idsive mid another below the D. Kotor diameter is small, tu 
lit in tilts sunnll apaee between the D surface and the fH.de fare 
The capacitor is used at maximum offmivene&s when located id 
the open and of the quarter-wave resonator where voltage is a 
maximum, bo ire e-apaeitanoe can lie a minimum, This system 
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Fl r: 4 (i . Vairi able f rcquonry rf By sterna far the Bjnehrfieyd ol ron. 
111 Jlnlf “i* Live redonant I Mime with variable capa^iter at end of D-jinm; 
»i- 1 lire. qiL.nrer wave system taing varialde cupiieitor and quarter- 
W‘LV<- bt.1 llh Hue; (e) quarter wave U-Btema vvitb variable FIIpaid Got at 
fauT. nf tbe D; (d) quarter wayp- D with variably papaekor <iii Llie dix 
ftmn trill fare of lIlp. J). 
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is essentially free frmn jktaisible parasitic oscillation* and Ihe 
only system which njutd m principle bn extended t.n indefinitely 
lai^ge pole f&cc diameters. Eddy current problems have Iwsen 
seven-. ami nl-u the nmLiitemmi: i e of theehnft. hearing hut the 
development, is now essentially completed and results in reaon- 
ably satisfactory operation, 

4p 6 Yocuum Chamber 

The vacuum chamber is little more than a shell surround¬ 
ing the jxjle face disks, and supports atmospheric pressure only 
on the side surfaces. A typical chamber is that for i he Rorhes- 
let machine. shown in the sketch of Fig. 3 The chamber 
wtilli constructed of nuiinm^iietii- .st/unle^s steel plate*, 
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welded en form i.hn chamber shell, and including large side 
Ijorlr for innertiug I hr h nmJ for mounting pumps, too source, 
probe targets, and oilier equipment. 

^ m-uum eiigirsTrEng has reached a high stage of di-vclup- 
meiiE in sTiirlLrot^vfdijtniii laboratories* including many satis- 
f.-u'iory type^ of vacuum Huubs, Hoxihle joints and other dev urn 
Hh- largo ring ncals ki^mi pole disks and chamber Wall are 
imi'li 1 wiih packing rings io compress small rubber gaskeld. 
Iligli s|XHh[i pumps, iULaulied through large niamfblds and 
bn Hies. are required to maintain suitably low chamber pressure 
ii sueh n large volution Pre^urcs of better than 1 X NT* him 
Mg are mqttirod. 

I'-leetrieal ilbnhurge.u between the D amt ground have 
ninaed considerable trouble in most large chambers, The 
mrrluiiiLHin ^r' rfio deebarge in not clearly understood. ft re- 
scmhlra the cumulative 11 blue-glow” discharge mmimm in 
stallilard vyelaTrnhs. lad is incident al considerably lower 
vnltag.es and lower pressures bi the large volumes su reminding 
Mle 1 1> in riyui-hroi-yidofroiLbi, It seema to involve electron nss- 
cillnlmup and posit ivc ion orbits in the large t> paces available, 

11 cru. I' -i Mr'hnl by reducing the volume available For rib- 

■"h;n w by inserting rnp]*?r sheet liners c]mo to the L> and 
3 The most satisfactory method of suppressing this 

bf.-. visllLLgc IiiHi hriiuL-' is In apply de e]ee(rieal bias In the D r or 
to nlher suitiibli' 1 elerlrodcs, to swwp out the ions and electrons 
which originate (he discharge. To ai-isimplieh this 1 mast rh>- 
sigucra have prodded that the D ho insulated from ground, m 
Uird -e li a coring field can be obtained by diruei do biasing of 
i Im- IJ Ut.hcm uhu trills of wires, installed on the rapper liners 

..Hug the 11, which arc maintained at suitable potentials 

tn provide a clearing field. 

f.T Target Arrangement* and Beam Properl irh 

The simplest. targets in use in the synehroE^yulotfun arc 
i.imbfs iusiTied from the edge on the median plane, which arc 
si mol by the expanding Ion beam. The radial location is jl 
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measure of the ion beam energy. Charge] particles produced 
ill the target are deflected irj the magnetic linld; protons and 
positive mesons eiirl inward, and negative i mentis curve out¬ 
ward. In the early days photographic emulsion* suitably In¬ 
flated (and Yielded) were tuned to detect and nlwrvc tracks nf 
tlie m^ona. Fast iseulruri^ gamma rayy, arid neutral int-.‘:iul¬ 
tra vel tangentially away from the target and can traverse a Jm >rt 
in a thick aliielditig wall lie,hind which dekcl Lull instruments are 
located. 

Experimental arrangement us modern n^>n-pmdudiig 
synchrocyclotron lake Full advantage nF the magnetic field 
around the probe target. Mesons coming from the target are 
deflected and mialyaed ho that they emerge from the field in 
directions determined by meson- energy. 3hieIding walls are 
located close to the target, with channrLs arranged to tnuwmii 
well h left ned energy groups. Ri.n h poni i i ve a i id s wgn1 1 v o i ne-sm i> 
can he obtained in separate beam* Fur some energy groups 
the magnetic field has some focusing properties It run hi- 
combin^J with external magnetic lenses to ronccntrattf iiitand- 
tica on the channel. In this way meson Iwoms have Iw-en nb- 
obtained from the Chicago machine having fluxes of I0 3 mesons/ 
cm*/««, 

The tdmF-3LYTragp beam intensity hi t ho protw target is of 
the order of 1 microampere For most large numb hint. It eon 
fiiflta of repeated hursts of pubes at the frequency of the applied 
rf t extended over » time of the order of one or more phase ob- 
ri Uations fEOOO to 10,000 pul^r-h, w? the duration of (lie huM 
is about 0.1 msee. The hursts mv refueled n.L tin- cyclic r j■ | n■ Ei 
tioti 1 'iiie nf rim rotating capon i or, betnwn HI mn t 31MS rps, 

The deflection of rusonant ions to produce nn Hmerguni 
beam is complical E hy the furl that the change iri orbit mdiun 
per turn during iweeleration in extremely -snn.nlI The deflector 
septum runt applied dv defferting field sum^fbl wilh ilu- stand- 
ant cyclotron r-imnol lie used Furthermore. I he beam blown up 
into vertical oscillations at tin- rutinis of tin 1 u = U_2 pant. ho 
that, it does pot spray outward as in EEir- ryrlotruii, However, 
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I(k j properLiea of (ho orbits njuisrd by l.iie partible oseilMtions 
i.nlji lw used |,t> LusatH-h ilk ejection of it 1 icnm R:ul=nl 
OMritlaliuiis havf- ampfiLmlna of sevcud ini■ Hi, anil radial free 
o^illuLiuj^ omir of tboannu: ni.suni 11nh■ Tha^ van Ih< e>;i;ifed 
lurgri rmiplit.udfvs, suthrirnf <n tbmw thr iKjam Lnlo wide 
G*illMionrJ t 

The moat tiucra&aful tueelimi system, developed at Ber¬ 
keley, LUties !i ptik&d riiH-trostatie field to pjerite radial fiw o*- 
villatbitfl. See Fig. IS. The defiarlor consists of four curved 
hnt$ f spcn , < i il h.j Llifc beum am expand out Uj I 3k 1 space IsetTXiecn 
ilk* 1 hurts on like tiitdiim |iln.En- Isidore pulsing. T3 m? dc pulse 
furtx^i file Suns l nward 1 ami after iihnnl one turn, they liftve 
tiWlliiu oUl fo [heir maximum radial amplitude, whidi \m gei&ral 


* 



Fl ti 4-8 , Ihi] *srl f Lert rmt jlT ir nLi■ ft r-rtor 6y.Pt tm 
fur ibis Rs^WlfiyffyaielsironyrlotrrirL wsUi iJn- uuigfiiTtie 
ihiold Hand iajpiitf* i.l]* ™efkeli 1 beam. 
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ini'lufi larger than tho radius (if the doflwtw lints, Ai this Uv 
eat,ion the inrtB enter a magnetic shielded cltatind in which their 
paths itn* rapidly opening spirals, ho they emerge from < hr- 
chamber The voltage pulse in on for a time uppruxinmlely 
equal 1.r> the onr* revolution of the ions, utinutO.l miiToseconil, 
The magnitude of IV field in I hr order of 75,1X111 vulta/<im, 
requiring pulses of ±lixi,i»H} volts on the two spin of d-entrodes. 
This is supplied |«y a very-high-voltage pulse tmtisfonnwr. The 
efficiency of the ili'fiivt.or is low, giving a useful ejected beam of 
llie order of a few per rent of the circulating beam in l lie eyrln- 
tron. The advantage of having such tin emergent proton I warn 
outside tin' shielding walls is ngnilirnut for soiin* typos of 
studies. The chief disadvantage ia the short pulse length, which 
makes the emergent beam impractical for electronic counter 
i-xpennirnls. 

A ampler method of obtaining an tunergant Ix'rim which 
has the wIvEiridigi- of a much longer duty eyrie, hut gives wth 

sirlcnibly smaller intensity, Ls the scattering target, Particles 
scattered by a thin prnlie target through small tingles are set 
into fns' uHfinations. Some of these will have the right ilirec- 
timi nnd amplitude to enter ji magnetic .-hiehied channel for 
furtlirr deflection. Intensities art' the ori 1 st of a few per mil 
of ihc eleetiwtal.ir pittas! deflector output, bill (hey are lieficr 
ai laj'l er| to iswnter experiments si nee the output rormisM of a 
H’quenee of vf pulsus spread nut over several miHiatt'Oiids, 
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5*1 i of Linear Accvli-rution 

The linear narrator uses mi oscillating electric field 
applied to !i linear, periodic army of etoclrodfcu,. witti a eoiurijuit 
applied frerpiriH'y which is in resonance with I he motion of Hie 
PjlM ivIo* PariirtiHf are iie^iomtod in a straight tine, rather 
than in the rireul&r orbits of magnetic tomdemlnrs, Klenmide 
sparing* ore arranged so that particles arrive at each gap k?- 
twr«n deft rode# in lint saute pkw of (lie Heetnc field and m 
experience mi acceleration eli each gap. 

The chief r&dvuiit.ugc- ok the linear accelerator lie* in the 
PKcrllent colli motion of the emergent l*e&m f a* compared with 
tii 1 ' spreading emergent, beams from i miliar fioeekratois. The 
mojlI! *i?.f of I he target spot am 1 the high ijetun density improve 
und ttimplify nrnny types of experiments, such as atm ties of sm&U 
angle sea Me ring and angular <jisr ri kit nms. Shielding pmlilemH 
arc simp I i tie 1 1 hy the opportunity t.n stnadl cdicmoels in ihe 
shir his. amt background intensify due to altered radiation is 
more easily controlled 

At it few Mev energy the chief disadvantage is ihe broad 
sprawl in energy of the Iwaun, resulting from the variation in 
phase at which part teles cross the gaps, Direct voltage mu- 
ehinej4 sue h as the decln.uHtsttie generator produce mu ell txrlter 
niHTgy uniformity. At higher energies linear ucoefcratflra lie- 
rnmf- physically long, and n multiplicity of rf power sources 
i* rei|uirril in supply die blended pJcctrnde system. Increased 
costs of bigh-freifueni'y power eijuipmejit and I In? difticdtics of 
phase adjustment of many puniLM units theciome 1 he limitalin-ris. 

Design problems diiTer for acrrylcrntiors of elect mils or of 
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protons, as Uiey also do for eirrulnr rnve leratom. In I lie earliest 
designs, only mi her heavy positive inim could U> used, owing in 
the limitation^ nf the? available high dreplietley power stapplie.H, 
With tiie steady improvement of rf flower Holinros durum the 
post decade, it lifts become possible In build prtiel iml sier'tHenrUir.i 
for protons anti also for electron# Troton :im*lenitor& tl-tt 1 
relatively low frequencies (nd to 2ti> Mr) lieeiUlse of the low 
proton velocities during most of the m veleral ion. Electrons 
attain llie velocity of liglil at nnnlest energies and mn he ac¬ 
celerated in smnll structure# which an? retirtimnl n\ rtiiiTOW'ivve 
frequencies ptEHttl Me). These struct ure* are Iws! deserilied m 
™vegnidefl 1 rather than array.-- nf electrodes, mid parti He ar- 
ee I cm lion ran lw described iu terms of tile wave proper! ii-s of 
I lie field In such a waveguide Mie ckvlrndv^ are replaced by 
diaphragms which load the guide su Umt the phase veloci ty is 
made equal to the electron velocity Tin' applied rl e If Trie 
fields ^r-i up standing nr traveling waves in ihc loaded wave¬ 
guide. A group of ■■ 1 <t irons riding rhs-. wave will pick up 
energy contitauouflly, similar In iIle' unit ion of n surfboard down 
the advancing fmtil of a water wave. 

Beam intensity can l*e s-ignilk-mitly higher in mi rdwtrro 
accelerator than in n proinh ntirolemtur This is I.^hI on the 
far! that proions exert rvittilshe feSjWiee-chnrge forces on each 
oilier, lending to diverge tin- Iw-mn, wlirmi* ihcse forces n-du. r 
in Kero m lln rvbiiivisMc velocities of eleeinma su Unit eiii 
electron burn does not lend to diverge Furtlirnimrc. Mir- 
1 tichtiical problems uf producing » M|0 m iiieasily eieHrnn In-urn 
ffrom hoi cathodes i are much riiiipli+r rtiiLh rlhUHe for posdiri. 
ion sourer. 

In arldiiimi u» Mu- lechnical udvrinlugen, designers luive 
iibi hoped that linear luwlcnitnr* mighl In- less i*x|jpuklvp than 
eirriilur nuigth'tie m-swIerjitorH, This possibility b Sirred un die 
(iqjproxLmately ) linear prnportioittijity bM.wnrn 1 and energy 

n& length is nxU-ndcd. Circular ru eeleratora, on ... hand, 

require magnets for which ihc cnsi mcrt&Btia roughly with T* 
ifor retail viatic pnrUdtu) Thi# difference in iIici-ohI equations 
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-Ii(_ ll^i - is llun. Jin^ur i h' whtruLi.iw might bei^mr nunr retMitnniml 
u\ Huifb'initly high F-itn^icH. However, iUv sei r eriil Ht^inehliiLl 
of mitgnelir jit L F i elenitui , .K + from thi cyelntruti with 
i fM solid i'oiv magnel, lo slit- sYNchmfmn with its mmli lighter 
ring mngnrM (n thr uherruitiig gradient I irotrnn, which alill 

further ylrwiirt':- magnet ilbncJisitiiiK mid eont f Imve retained I hi- 
iH'niMJiiur Julv:irii:L^i; up 1 lif ungnetir ar^demtor* up tu thr 
present. 

I'Ih* lirirm m-iTlrml.fir has not vet ftcen extended in In the 
Ifav I'tiiiJO 1 Huwver, the need far high-energy of 

1 vii 1 fj 11 tk\ wmgjr in now I lemming evident, and circular e!rr- 
(ml 1 iM<r|cru 1 ors sutler Frmn a limitation riur- to the rapid in- 
*'I'f-L-i-in the energy lout by mdiulimi ut r.hrwe very high energies. 
Si 1 11 HteinB pliable ttwill tile Jifiaur nrctdenitnr may evenltitkily 
prim* to hr ji pfje'tLral menu* of al taiiiiiiR really high ekiHron 
i a imrgu L .s, 

n -2 IhirU llcs£gn& 

The first. lineal ; i reek; m tor, described by Widertks p in 
i'.ijh, woe rhe terrmnner of alt reyoiiaiitre mwleratora. Je role 
-i-ird of t.WiF ryluidrii , !il elednultw to wliii'h an alEr mating v-uli- 
ago was applied, with a fhmjiieiR-y which allowed elect rude 
pin fin ml- Uj I if reversed during the lime rrpnmil lor the heavy 
inns (k ' Jiml \:i inns'- (o traveler the tarsi electrode, resit! Ling 
in 1 wo iM-odciraitiiHis and a fimd energy twice rlntt ubiuined bi n 
single gup. 

Sloan' " P iitni others extended I ho development. to leu or 
more elertnHks but woiv limited hy existing mrlirpfrtHjuemy 
EeehnifpHis to freqnenrk*; which resLiirted the u]ipl inti ion to 
relatively heavy torts 1 Lj + , Ug T \ He. 1 rtnij to i|oitr low energies 
i* I lu 2 Mevh Fhe rIwtruder w« 1 re ixjiii Lifted alternately In ( wo 
I van bars supplied hy 1 he rf | mwer m mmv This elementary form 
of the linear a^ksmfcpi 1 fa illn*trnU-d in Fig. 5 - 1 . Since they 
■ 1 hi lb upemrr only ai ivljitivdy low rmpaoucira :tm] with iieuvy 
kalis of low etiogy, the tisdiilneHti of l.hein fc enrly aer'eleratOTi in 
1 n m ■ li m t r ri L .^e:t ri'h wia h i ] isj gi 1 jfi i-ari 1 . 
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F[i-. & 1 Early linear adcaforatur tfjwieMjpi butnmm 
ryl iisdri raJ vlnctrcrtllKi incrcHfio with ] nr miming particle! vFilotiity 

Tin; -‘iepsimtion L lietween aeccLer&tmg gaps is tine din- 
Ituut? traversed by the partieles iluring uiie-hnll ryr|e nf the 
fippliu] electric JieJd. So vhr- Length is given by: 

h - H*/f £&-!) 

where v is particle Velocity and / i±3 the frequent^ Each time 
a particle tiroes jri gap, it finds an accelerating Arid, sr> the- 
energy m<n¥4iscs by llcl mcrameni s>, where l'< is the voltage 
ncrum the gap nt the uiKtamt lbs- particle erngara- 

At ]&W energic« f vHrH'ity increase as the square root of 
Shi- energy, so HUeoe$sivft gap separation* must inumme in a 
seq lienee proportional to the Hquare mobs of integers. I‘nr ;i 
parriete to In? in e.wt resonant 1 ** an it tQ obtain the same energy 
tuerdmem l .. rm eisvli traversal, the gap separation distjmm 
L. fur I he fth plectjtule is given by: 

At idativistic energies parlieie velocity approaches the 
velocity of light., and pip sparing* h-rnme fnnslahl: 

L, = £ » X/2 (5 3) 

where & ia the wavelength of the applied rsiiliofrerinenfiy on the 
eliKitnNlr system. Electrodes would k; fipm'vd at half-wavo- 
U'liglh intervals, 

Tin- energy increment. cornea from im n^iHating field 
given by: 

( 5 -J) 



V* = F sin 0 , 



LINEAR ACCELERATORS 
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tvliw \ imiJlc! peak applied rf potohl ini dilferciieo rn'itnEW lIn 1 gap 
wnl in t ho pllJitie nl which F he |ni rticle cl'usiefci E he gap. (. ’liuSce 
of the sine function Lh ef|uivnkut tin ilWming um pha^e n> the 
instant when vuiiage is Ecru and intueiudng toward the polarity 
which provider ucri'h-mtimi. 

Fur mare geaterality wo recognize Limit the accelerating 
potential may vary along the. length of the itec f elcnitor, We 
ism describe this by a motion: 

V - V> (*/*/)* (5-6) 

where F/ is the voltage across the final gap and Is the total 
length of the wise]orator. The parameter defines the type of 
vaiiation ivith distance. If k =* 0, voltage lh constant on all 
gaps; if it - 1 : -i 7 YolutgA inereasee with the velocity and with gap 
spacing, tiEid m the average electric field along the axis is con- 
staivi; ii k = l R voltage injorcaseH Linearly with distance along 
the accelerator. 

The early linemr accelerator* (before 15M5J used constant 
voltage per gup (t = M;-. The gups between tubular efccilmita 
wore short, and tin- Lengths nf the electrodes i uereasRcI wit h i Uv 
m given by Eq. 5-2, so that the poeitive iuti.y spent most of thdr 
time in the field free regions Inside the electrodes or “drift 
tidiesT Itiifttively few electrodes were used ( JO to 30) ho the 
precision of spacing was not- critical. Reiwoanu? was main¬ 
tained by an expeiimiouteil kdnuce nf the applied voltage V to 
rLn- value required by the electrode sparing, The phase 4?. was 
close to !XP, *n that only particles which crossed tile gaps when 
the voltage was near maximum would remain in resonance. 

5.3 Plmsi^ Stability 

By HMf> two factors combined to provide a major ricuige 
in t hi- design of linear accelerators. The intensive development 
during World U jir II of ultra-high-frequemw radar technique^ 
with an improved understanding of the properties of waveguide 
and the development of pulsed potter sources, extended the 
available frequency range Into (die microwave region. At these 
high frequencies (up to 3000 Me) linear licceteruLora Iseeamo 
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prai l.ic.al fur light pnflitivv hum mid for elr-v irons. At the 
time thrt proposal nf the priueiplc of pho^r st-nlii|ily by }Ie- 
MOW iiiad Vekaler" allowed the linear rrMi:iinT prirniplv 1" 
be modified in obtain synohrnimus stability during fu'edoriitEnri, 
These factors have resulted in u new rhisa of phnsr*irkih!u m- 
releraLnra, both fur protons and electrons-, u^iim > i m y high peak 
power and pulsed with a abort duty cycle. 

IMictse^tjiblQ synchronous ai r-etemtio 11 ran lie olitained in 
(he linear system ul electrodes under I'ertain conditions. U>- 
I'illjilirHUH in the phase nf crossing the gaps ocrur in el manner 
entirely similar to that applying to the synchrotron and, de¬ 
scribed hi Chaps 2 and 3. i Itie value ^ ■! voltage lotoks the gup^ 
in currant for resonance with the [jeriodie structure, the value 
V* used ita Etp 5-1, aBBuciated with tm equilibrium phase angle 
fl, tn general the ]y?:ik voltage across l lit pips, V . will U 1 
greater than \ h and in practice si value nf twh-e die equilibrium 
value ia ratnmmq which moans that 0, ■= H£l & . 

Tu show the existence of phase stability cmitider rs piuibie 
emstetng the gap id another plia.se, illti^i.niUd I• y Lhf j point f L on 
the voltagc-l inie graph nf Fig. 5-2, when rhe vulture is higher 
than V, , This particle will gain more than tile correct amount 
nf energy, will have a higher velocity, and an w ill hike a shorter 
time in reach the next aecateratiDg gap. The redultatil phase 
shift* sit t he second, third* etc., gaps will eventually redtu-e t in 
energy per nccelenitiuii until it reaches the equilibrium value 
Huh process is i l lust ruled by prlints { z , t A „ etc., in Fig. 5-2. 
The ucoUlliulnted excess energy will continue the phase Bhifl mi 



I'm, H--2. Phase rpl.iHimft ir liamkJf afifiiikmlicrtj 

owfflntiunH kth centered Around tm bqiiJlbripin 
pliausc *r r jujJ jl- viil tagD V a Em the rising side nf the yuhrm *- 
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i lif piritde gel a les^ tbau I he equilibrium aecvEemtioiip mu I 11 te.“ 
-i i lu-it uni b reversed, The leuultmit mol in u is a liable usdlhi- 
lion uf pliant about the equilibrium value. 

Tii t- rtijflon of stability in phuae fui-UNiitg in centered nU>ut 
n plnwr when the vulture ucraafe t in? jmp is Luofeaduii, The 
jiitcrJiHti: position with ilet-reu^Ltig voltage would tead in iu- 
atabilily. This situiiE ion is jitsi the reverse of llml ruquinil fur 
I il i&si ■ a[ ail i i I it y in I lie sy in: I irul fOl l . 

A consequence of she stable phase liein® \m the rising side 
nf ihr voltage wave b that the p&rfktleK exp*?rien«e lateral iir- 
focmdng. Tills cun tie understood in terms uf the change in the 
birfirie held in she gap during the lime required for the partide 
hi rm^ the gup. The shape of the elect nr. held in a gup Ifot w 
eylmdrifyil electrode* is illustrated in Fig, 5-3- Ptartidw which 
are displaced from she geometriaiJ nsb experience convcrRcnt 
fur res iL8 they enter the gap urn I divergent Forces ion they leave. 
Hince the mugniliide uf the electric fidd inttreascH with time, 
near the stable phase position, the divergent force* predominate. 
The result is a ran I ni l or Intern! defocudng Hit the beruu. Social 
axial fomsing devise me required to compensate for this effect. 
Furthentiore, even l hough such awl famuli ig is provided, some 
of tlie particles will perform radial osdhations so ihul they 
traverse? slightly lunger paths than a petrtidc on she axis, which 
means that 1 hey will acquire a phase shift relative to the axial 
part ides, 



Fir:. JjJJwtrie field between cylinddflid rd-eiMrodEw tdiuwiog 
cdUWriErnl fnnfK opting mu tinfiax-i d imirl.ii'lesn nhr\\ vnt tiring I lie gup 
ujh.L divergent forres an Iniivmi:. In Lho llftuur JiCGfllorhlOT 1 l be divergent 
forces. nn-: r i ranger oftin# 1 1 «tlie increpelngfiler i rir fiald while the purtkle 
i h treeing the Riqj- 





8U 


nraB-KNHHl:V MX 'fcILEfcATOliS 


An pKitieli: velocity imrrexsea, the magnitude of the de- 
foe Using efieat Im l im jjsIE’S Kniadlfcr, -irnl when p&Ftjcle-H resM'h the 
velocity of light, they jifc in itcniroj mini librium. This? ran Inr 
umlerBUHhl by m:Htnuc Unit when the velocity nl iho particle 
becomes equal fcu ihul uf I lie traveling etrelrjr wrivi no phase 
diffcrvilce ctm develop iHiftVdiiti parLide llj ill tid'd while crossing 
h gap; the converging and diverging forces are now identical. 
So electrons sro subject I in deforming forres only in the early 
stages uf acenW&tinn uhere their enemy is below 3 nr J Mev, 
Protons, however, will nxperifune Home lieiYjvnmng over the 
entire acceleration. 

5-4 The: Linar 

The prototype of the modern proton accelerator, known 
as a limo P was dcvdojjed by Alvnrvj!' 1 and his associate jiI the 
University of Cubfumiu Radiation foihoratury, paiullding the 
development of the electron syridiiotroji hi Uu? mini* lal Moratory 
by McMillan Coiistnicfcioii was started in ISM6, and it proton 
k:am of 32-Mcy energy was obtained in HUS. The fruidiinr 
has l»?en in iii'V smee Unit date its a n^irdi it ml. 

In the Ibiac tubular electrodes of increasing length jm- 
used ns in earlier accelerators, but the resonant rims if used to 
provide a if fx>tentuil across the gujw is umisidmdiJy modified 
to improve the electrical dTidtiicy of tliu system. Tile electric 
dreisit is made in the form of a hollow, rylimbh l eavilv wiUi 
the electrodes mounted along the axis, hMilig distributed indue- 
l-anue and capacitance, rather than the lumped constant eimiil 
which was illustrated previously in Fig. 5*1. 

A iv-MJiuinr cavity of tills typer \ui> severed modes "f os¬ 
cillation, with different elcelricul effidenries, fj; Three- po^iblr 
modes aiv illustrated in Fig, 5-4. in which die cup ^i.uieiugs an- 
respectively r ^ 1. and '1 wave lengths uf the electric wave* Jil the 
Heavily, or ui which the spocings arc given by 1 jdX, ^X, j uni 2&K 
wl leiv H = t:/c ui id A is t J n: w u vule tigUi. Tb* ■ fi rat case,in w 1 ii l4 1 
L = L ^TX = 1 jr.'X is identical with the mode used in ihv early 
ufaieraturs. It nan bn noted that large circulating I'urrrmi- 
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Flu. 5-4_ Mode* i-f cadlLalioti of 0 ntfloinurt ntvUy forrpgd of tt 
iububr otfinr rondiictur julcI cuiuial rvLiriririu^l drift llibca. i.n’' L = 
litrgtt ircirix-nt-a wisr. ill thr> sup parti hr dinfihruflms; th) L = dftj 
rirrti luting rlfetJ-eiibH ftfft ttlli&iod to Lhii tubular itLTfaftl&i (fl) X. - 
.iLk^miw 1 mmlv when lan^J- ilrifC Lubra me dflfliml. 


miiHl exist in the tfLcmp or diaphragms whieh, support the cfeo 
leading to Inrgi? losses or u Sow Q ITie /j = ^ mode 
KMjuittw dr esiIhIIhk eurrents only along ihe dwtrocles and on 
tin- iiiiunr well of the surrounding cavity mid kis a mUdi higher 
y. in prircdple cm-h unit ■ dl of the system, i.'-unLained between 
the dotted lines at the location of the eteuLrotle stotiu ur support^ 
b* a uy&Lem resontuU at the impressed frcquimay. The sparing 
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t^i'h Blip !-rn1urr> IS Dill- guide WiivL-lt’llgttit tfclld tin- |K>l:mrifH 
and phases mr l hi- snlne in cadi b-H 1 The 'itfX mode is ;iu nhc-r- 
n,;ii ii e with numb the aanuj electrical properties except that the 
tcptiring js 1 wu i-riiiik- wiivcleiagth.-c |r would Um'oi™ useful m 
Urn iwlii'm pari i eta Vel(nrity is low ;md ihu disEance nl I ravel 
during rme period of liar Tnclinfrei|Ut>ur 3 r would require an 
ini|jr»rftii-Jilty Hhnri electrode length wiih the riX mode. 

Electrode ilim-i-LT^aonri of thi Berkeley itjjjtc were rh-uweri 
in a«etiTiiiiiixJtt1.€ a licam diameter of | |'u 2 in.. Einticiputiug 
muHidemble ^presiding uf (he \tonm due u> the defoeusmg forces 
aiu£ scat taring due In the thin foil tfieiiJHNB devices* pbuiuud to 
craispriLifate Inf stii"li defi.H- 1 lm ng. f >rlfc 11 jfclet r f vk.h Ich \vi11 1 
rtiirt internal [ipertunc could not ht? shorter (Iluii iibuut 1 in. 

Iiccru ihc of the pfenstraLiota of (if-hLn In the aperture- The injeo 
turn energy was I Alev, (he maximum po«sil>le with eiii electro- 
siLttiit generator. These ptmmwtrr* del ktiiuiichI the operating 
freqiiejiry, lalo n lo tie 21W Mc f anrl the linear dimensions of the 
elrvirrhies. The gaps were made one-third of 1 hr electrode 
lengthy mill ilir rhirly drift mites necupud » toted Ecnmh of 
at Hiii i 10 ft, 

liar Structure iri :i large n^onan! cavity 111 U long and 
alniui -I Fl tn dtamricr, with the array of iJrifl lidKtfof im>reutfuig 
length imaniled along the axis This cavity resonate efficiently 
ill I lie fdX lnngilitdinal standing wave mode, suoh that each elec 
I nule is in Ilir ■-outer of a one-wavclength snh-iuut d (be cavity 
wliidi i$ rrsmumt. nl 20(1 Me. fltc rcAnuHtit frequency is rn:Mi 
tallies l count:uit ulnng the st.rurhire, in which um\y spacing in- 
cnsiurtu witli proirni vekwity, hy suitably decrying tin- external 

diulTicrcr of the drift Inln-.s which ulTr-cts the m|.n.. . in rhi? 

linlr it'll. The Urcolrralor is ilJusti.,t.<"il ill Fig. 5-0 

Snrjiln- mdur I 11 U ; ami pniver -supplii ^ wvrv rinide avail 
iitfile kt (lie Kailmtfnn Luhomtnry hy the I" S, -Signal ('oi r [j«. 
This equipment waa clm^ui liecmiae it tvbs adapted to the 20(1- 
M-- frequency The rf power -apply conhi^s uf thirty o^iilator 
luh-H couple. I with stmdi loops througlj the sale of the 4-ft. ea-\"i(y 
ai earl 1 sub-unit. The tight coupling uf rbe resunaril auh- 
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l ir. i3-S Sotajumtic uf pruton linur UiHwing drift. Milieu 
(if inrT^iipiriq Innplh nml itRcn^n^ tliiunptLvr In tnamtdri n.w- 
lullin' ;M 1'iiimlaPiL fnmiiKrtH'y 

nn iuifhi iiiidiil.jiihh a rniiHfl&tit i iIijimi* fnr tW thirty ^■■rilljtl.ur.H, 
Tiling nrr txdlrU m fmm n mantor osdEhUar nt SKB-Mr 

fnn jumim’v VUilv [HtH'cr F-ur E hi" win* ift obtain wi fmm h pul^ 
forming ui-1 u-nrk pnirhiumg a tlr puta-nF JiflQ mirroBcmnds tlurrk- 
i c >i i M a fmim'dry i»f 15 per second, 

I'rolruiK ur«- lirsi ;irotlrmtrd in S Mrv in :l hnriinntul 
^i'licrulMi^ sir .uni lit nit by i' Turner* follow¬ 

ing tlwi r\| m'Hmm 1 vi Herb iu i hr l : tii verity of Wiwsomnn. The 
if mi muirrr in puta-d fi i r 51X1 inirn^-oml^ ni I lie reputitiou frc- 
<|UPiiry, h-aultiiiK in puhu mleruFttirH irf ahoul l urn of protons 
i hi iujpeljtiH fuln (hi 1 linw 1 along 1h<? axis of the drift tubes thr 
pmfruiH ;iii" unrluml-Mit l y :ui nrMitiimd 28 Mrv in tin thirty 
linim, m fc t|uLrixig it FieillI meife 1 of WJ. Mrt, l hr designed mn\imuni. 
Ilium- fiH-uniiLK in ill*- limn ■ n*H4lltH- in tbr fmlw 

lK-iug ramluJidcd :ii tlw 200-Mr fnniurnry. The iiwrage 'urrcnt 
IH ri2 Mi-v prntLHUi during tin- pulsi- b n I milt 0.& ma, am! the 
duly * y*'h i in it i inu i -nvr i rnui i mrreril of iiIhihe -I X 

Etiri|k. Thin in rompiiruhlt 1 with the mil.piit nf u aynflhi^h'ynUi* 
l.mik 
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The method originally proposed and need by Alvarea 1m 
control defusing in Ii e irti - was to nmunl thin foil* ;u ihe 

entrance of the drift tubea, Ttui electric field between a cylinder 
And & plane m always converging when the lield ia UETrlerating, 
fta illustrated in Fig. m-ii t which rmnovtu the det'iNiiamjz; effect. 
The foils were made of Be {low JJj to minimis the small angle 
Coulomb scattering in the foil and wore extremely thin to ks-r*ji 
energy lawn hiiillLL, However, the ri" di^hargea in the cavity, 

which accompany nutgmstfhg . I cmiditkiliilig of the ^irfzn-c^ 

burned nr tope tEie foiin, m the method had to be AlJitidoiird 
An altcumtive tK-lieme liaed grid* of R r metal strips hi similar 
Wat inns, Time grids were .specially shaped to leave l.he maxi¬ 
mum clear aperture along the tixis tmd (ir have n high apertiirie- 
H>grld liar rutin. The grids asjri ^fully rested the riiacliaritcH* 
hut beam intensity Im> minced iNreaiiH 1 the ixrii internal ed a 
significant fruHton of l.lu- tgaun. Eventually nil grid* were 
removed nsfrept u few in the early drift lulu.-, so lolad k a um 
intensity wjia itol reduced licluw 5(1 % r However, I hi- ittinprej- 
mlw resulted ‘in an undesirable iniTm^r in the beam hj.hjI -m- 
One other lirnwi wider roi^trdetionj by William^ at the 
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Uni varsity of MimKur.it a. IL k designed for fiO- to fifl-Mev 
protons inul use^. the &iirae resonance principle and the same 
fmsii' ilcfligu as the Berkeley linuo, The major diffciwice is 
in iin- n-r uI re.Huitrou lubes tis fj^'illntory to provide the 20G- 
Mi: ri ikixvc r Tln-c hj^fl are planned to yield 1 megawatts rf 
Imive-r out {Hit mu 300-mi vroticcuiidi pulse, nr 8..“5 megawatts in a 
40-m itTUiflecoi:!] puke. PreiiniinAEy operation at 10 Mrv using 
ime rewiatrupi wa* teporiedIn February, 1954- 

Dt k Vi 4*i]ihi,eiil-i iii t 1 ie ] larweLl AEliE 1 jiboraiory in Eng- 
hind kwe culminated in a program for construction of n fiOO- 
Mm\ proton liticiir accelerator designed lur extremely high ]wn.nn 
itiirEiNiise^ Willi average intunfiatias of ihe order of millirtm- 
P»toh, mlher tluiu mierofljnperes, the output of mesons enuld Lw 
expected to exceed by several a filers of magnitude that obtained 
from ^ynehrorydotrous or other proton accelerators. The bade 
problem is the development of klystrons or other vacuum tubes 
m deliver rbe noi'tsary high puke power at 300 to 400 Mr. 

5-£t Tin- 1'iH'iihiii^ Problem 

Une of ihe most useful applications of the ptiadpta of 
ullerrml mg gradient focuamg, described in Chap 7 t is the ilws of 
magnetic nr deci nwledic quadruple lenflea to ecunpeuBate for 
the defootning forces in the linear neediest for. The properties 
of the I-pule umgiidte \wm% arc? dkeu&sed in Chap, 7, where it, is 
shown that a jmii of such units forms ii eoiive^snt Urns for 
puiidea diverging in either transverse coordinator The ad¬ 
vantage over the traditional sctwioidut Sens k: in the smaller 
Eiimmin of iron nr power required for si given fotal length. For 
very high energy fwmicles the solcnokhd lent? requires t-tcj exorhi- 
tartl amount of power. 

Several invoeCigiitom have installed such 4-pole lenses to 
eollinmrc and foruK the emergent particle beams from (Krf!el- 
pnituts* Cork and S5io.jt>c h¥S ' have applied it to the 20-Mcv 
dun I crons from I ho Berkeley cyclotron^ with the result of de 
creasing Ixwn spot Fize mi the target rind i nr waging beam 
[tensity by a factor of 31). Similar moults were obtained with 
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(hi- 32‘Mpv beam from the linac. The output From 

Vjui iJ l‘ (JrjuirT HEH^k-rAkor^ ni (hik Ridge, M.l.T , and several 
other izufftdt- 14 liaiui have U^n fticuettd with such louses* 

Blcweir* has proposed the of iilfematirm gradient 
fovurcitig in ihe- rln-irixle si rue lures of linear swreJeruIurs to 
cancel nut t hi i divergence of the I team eonLinuuUfJy along i he 
path of the parti clew, [is his propofol 4-pole electrostatic lenses 
would hr mounted inside the drift iu I jew, with the hyperbolic 
axis along l.hr centerline. KteH.VWI al it 1 potentials Would fn j 
applied to I he four b$T*er1>olTC eloi'trtwh^ Hiffirient lo rump* i unde 
for l.hr divergence due En the electric fielda brl ween drift tubes. 
The iiirmuiiiig length of the drill lubes allow h an increasing 
length nf lens unit, whir-1 1 is rloH 1 i^ lhal rrrjiured b> I he lie 
rruMng energy of the purt.ielcfl to maintain the com pensul: kiln 
t ■alculutiims of the leriErth.s juid field strengths required for a 
typical lifiac are given in ttlewet.t'e j*aj.n ?r. Alternatively p niais- 
iM-tii' lenaes ■‘■mli 1 iw owed between 11rffl mho. hut iln> involve* 
ll more ™inpU('tLHHJ grumetrie atmrture, The o-v of exkwiial 
magnetic Icikses allows the len.s design 1 rc fw Iti m |i-j lemienl of drill 
ixibe length (except for practical cnnsirleralirm* of the elect rind 
leaiIs) However, it requires that the accdprulor tuta fie wurnll 
enough to til lietween the poEr lips, and ii may be nee^ry b> 
use lumped circuits rat her limn wRwgihdc^. 

\ preliminary Iriiil of llu- use of lenses inside 1 he drift 
tubes hit- Iri'i'n re-purled by Mie Berkeley group, owing the exit¬ 
ing drift, tubes of the 32-Mcv linai 1 . The bcmn density on the 
targes wjirt mGreascd by li feiflfi-r of 20, imd the hititl beam an- 
terisii y wa* doubled relative lu the best performance with the 
fixiitisrig grids. Although this correct jug system wiik not ideally 
deigned ntnl iiimikit ion ditSmiltli^ developed, ii shows t.In* 
potential usefulness of alternatinggradient fneiihiugm Mu- linne 
Future developments of limits will probably i«rni'ptM*a(.f* 
fin 1 A.O riH-uaing n‘clinique. which nlTers mi opportunity in 
eliminate i he one serious Haw in previous urrHeniiors At 
Br-Hildntveii and ;ii l "feneva ftlie ('I5&N IjLliorciioiy i ilenigikH Hi*' 
in progrtw l«u- Umaen of idm-ut Mt i v to \w iiHt?i[ its inji-etors 
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into (he multi-Ucv gftcdfcralors now contemplated in t h#s& 
kbdraiofiaa, 

o.fo EliTlmti Linear Aerelernhirs 

The specuvi characiteristitis of t he? decrirou Accelerator an? 
Ijitwiid on the fact Hint pliTotnuiB approach the velocity •* if light 
at ruhiliv i-ly low eftargien (v = 0,'JSr ait 2 Me:v) s and Hint with 
llijg constant velocity Hie spaciup between acesleralar gaps* 
become equal, It. is possible to build u resonant stmt lure with 
nmdt shorter ^pacings between electrode^ which likes on the 
rhufftot^ristiee of a micro wave waveguide tmd allows the use of 
the teduuques and power sources at 3000 Me developed in the 
imlur field, The availability of magnetrons :unL klystrons with 
extremely high peak power ratings on pulsed operation ait this 
frequency haa mode it possible to itefntcn electron iiraeleratoni 
for mudi higher energies than those developed for protons. 

BidetiHsts mul engineers in many htboni tones recognised 
Uiis opportunity < Development started in lUUi on preliminary» 
loiv-energy accelcratnrHtri test Hie principles and design ooncapts, 
a! the Telesujmmimieations Rrso&irrh Estftblbhwt (TRE] 
Lulninitory in England, and at M-I.T t Stanford., Yule, Purdue, 

■ l n 1 1 other universities in the Tinned States. The development 
renicml on Two major problems, the itc a HLt^ri nf hilitable w&ve- 
guules for lhe uni'vtemihig syutmn 1 llthJ lhc plniMug of multiple 
pulsed power sources such as □mguettona or klystrons. The 1 
1 Vi I tih n/Hulls are mostlv in l he form of inlermil reports in the 
Till'! and VERE (Harwell' laboratories; the lender in these 
studies w m T>* W Frv. ar The M.i.T , project under the direc¬ 
tion of J. C. Blalcr hjuri \ m'vu reported in several publications.** 
The Stanford development started under the late W. W. IhuiHcn 
urn I hri> Ixhui fc- oni iniU'i I by <iinrton r Pano-faky and others.^ 

the properties of a perhxiic army of uniformly spared 
electcan bo*! be described by eoimidering the system to be 
a Inzided waveguide. m which Hie phase velocity of the traveling 
wave m made equal to that of Ihc electrons. The phase vdority 
of a wave in an open tubular waveguide is greater than the 
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velocity «f light lu order to mlm't- it. to Ilie rJwtftm vdority 
r t iluafcniRture must f^loiuled witKcilin-r lumpedHinJiataabiitwl 
reactive elements. 1 lit - ustitii nwtltod <if lunding is h> insert i etf> 
i!iiipKragms inside Uir- tube, h]kiiim| [K>riodii‘ELlly ttl some prerriBe 
fraction of the drsired wavc'lpuiith. 3uoh jut iris-biuii-il 

I til ni far waveguide w illtisl mind in J r ig. 5-7. 
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Fix 5-7 r.fliikirl.udinal croaa e^Hjoti nf i m-ular hvikvf.' guidon 
fur rlectron IjnrM iMTFilf’raiorfr < :i Iris- lo-Ldi-.J wavi* pifda ffir ci Ht.anci 
in H WJHW iriltnJorfttor; dHiphrtk|rrnji .lm- l-.riiU-j i%t h £ \ lnii«rvn|i K ifi* -r- 
i1hk|1 ' < hy TulvbIIijse wave n-jivoguiJD. DJUplinignii* urr located 
1 & intnrvnl« r I In? »/i-runr|i! 

I he wave form proptij'cttwl j]i mvh w pprictilir .ntmrLuiv 
van Im_ j axpnsrarl jh- » Fourier series, lm whii-h nnty rntr uf Lhr 
cnmponenta will have a velocity of prupcigsLi um eqtmj i.. tlie 
clerlroiL velocity. Other r. j umpaiiant-i will huve JifTtr|i>nl vrkjci- 
I.i-^ anti will unt only aa rapidly iweiHating perturbing fickle on 
the derlrons, so ihdr effect rani¥l lhjI. Hip wave whieh is 
|ifi3]>ajfuuai with thr tur^sl rimgilitndi- i- dial for whEHi du- 
^|K4' ^ntr IjcLwppm diji|ilir±ifCTiL.-> it UJf uf i h<- ^uirhi elehpdJj- 
ThiB id railed Hie v-modc, illuhrtna.tc>iI liy Fig. ;V7:i li the Mrue- 
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'Life b terminated idler :i I mm- Liumk'r -if diuplinigiiis, hei fhut 
the wjivEfiuns refloated from the ends, 11 tflauduig wave is sot up 
ulmig the guide, eunwling nf two tfimiaoidal enmpuncnts whirl) 
are iFUi of phase by L.s(V :> . The guide ucrtn like il resonant cavity 
for I hi* frttpmticy, with the dh^ragaifl lorsiksJ ut the nodes of 
the standing wave pattern. 

Another way of using the loaded wave guide is In employ 
a jionittHiwliiig termination and r<i obtain a traveling wave. 

! \ «'!LN I It: i!iHLHil.ll,TM| l> COHH4KI ilLg nf .'i HltC ttaYO LLEIli ;i eOHillP 

wave with u phase ilHTerpmse nf 1KT. ITie two components s'llti 
be eseiied separately by reviling power into at leant two suitably 
HtHiowl pointy In order to irnuiUmii ffymmet.iy in (lie fields r 
ill-" diaphragms must he apmed a|. IHT phftae intervals. This is 
dcsi'riLird ui* the Tr/2-nKjde, shown in Fig 5-7h. 

The idal iv« advantage* of the standing wave mid | raveling 
wave syvi caib have been analyzed and dirtcusyed in detail by 
Slate?/* who finds jdvantagvs for iho standing wave type ut 
relatively luw energies, ilncI by Kinston, Hkn$f>n, and Kennedy^ 
who conclude I hat the traveling wave tyjse gives letter power 
economy Fur the highur-cnergy un^ler&tnr ill Stanford. A 
single* t. raveling wave results to higher fitectric tidih, for a given 
power inpul-, than a -aumiiug wave which hm two <Hit-of-ptutae 
riuu|HjiM-M5K. On the other hand, the traveling wave tan lie 
muinUiineti only in a guide operated in die jr/'i-mode, with 
diaphragms spaced ut L)l) a phase points* sn the ri-.sistive Imm in 
the guide 1 are larger l.hau thuse in a standing wave tube whitfh 
liftri hull ihe moniker of diaphragms. * Mher compari*oim involve 
dvtidlfl of diaphragm dimensions, methrxis of feeding power to 
Uu 1 wave guide, mid the power efficiency or y of the cavity 
circuit. 

The Stanford linear electron accelerator is the only one 
which ItaR Ittien dcvelupfKl to renily liish energies. It In-c* o]j- 
craii-d :l- IKMI Mrv Tlte denigu is described in Lb technical 
o’-pon- rjf ilie Stanford Microwavr Ij-dwctiirry/ 0 The 34n.- 
dijutuMir, SDWbMc wjLveguiEle w 220 ft long, ;i tongth i upable 
of ^celerEiting to L Bev when the final full power supply i« 
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installed. It is planned to have 22 klystrons feeding the wave¬ 
guide, fj* l l i 1 1 1 capable o f maximum operation at 17 meguWTit tr.. 
In Mum'll uf !E54 about fifteen wpre installed and operating ul 
reduced power to give 2IH1 megawatta peak pulse power aver n 
pulse of 2 microseconds repeated Lit a rule -of per second. 
The maximum voltage gradient in the guide is 3 s 5(XJ t OOO voltt?/ft, 
with an attenuation lu uiie-third this value I jet ween klystron 
feed points, Phase focusing in l he curly stages uf ueuelerotinn 
remits in nil energy sp-fimm frith u width of 2%. The meas¬ 
ured intensities at 600 Mev are about 1.0 s 1 electrons fMir pidse, or 
a time average be&m current □! I tniEirdninpere. Higher ie> 
teELSitlea could he obtained by increasing (he repetition nitr- or 
tilt.- injection Intensity, and tut lower energies? !>euiu currents of 
up to 10 mkroampercs have been observed, The opportunity 
of aLtaliiiisg realty liiurh intensities, by inureasiiig rf power arid 
improving the duly eyrie, eonsfcitiUes tmo of the principal mb 
vantages of the electron linear Jiroelenttor over the several types 
of proton accelerators. 

The primary problem elliU chief limitation of the Stanford 
machine is in the deveiupnieul and muuitgfft&atft of the klystron 
power tubes. At present maintfinkace time anil coats are ex¬ 
cessive, making it difficult to operate at full power. With far¬ 
ther development ii can i>e hoped that this technical problem 
can be solved and the ruToleriLtur can be brought into operation 
at full energy. When this stage La reached* it will Lie po^ihlc 
lo estimate the cost fur extension to higher energies with man- 1 
accuracy. Ptm-iu intimates suggest that the cost of mereaang 
the energy would be about $1000 pea 1 Mev. 
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I'Jif proton sym fu-iinm in i hi- niofct mrmitlv dtvdu 3 K.nl 
Ui-reletiitui 1 mill produces the lugh^cnergy pnrtSelefl obtained 
to date. It m pilau the largest mid most expensive. The Braok- 
hjiveti eoenotron ninu 1 11110 teat operation in June, 1&52, at a 
iftfonl energy of 2.3 Bev protore and wins raised in 3,0 Bmv in 
ir-Etrly 1054. The mime jjs symbolic of die f-s* t that tins energy 
overlaps the energy r mm* uf primary rwmiv mys. A photo¬ 
graph uf the Hponkluuvn coflmotmu Itffnrc shielding wm in¬ 
stalled is shown in tin- Frontispiece. The tovatron At the 
University of ('niiTuituii Ltaduition LitliorAtory in nearing mm- 
pictiriii mid ia expected tu attain a proton energy uf 5 to fi Bov. 
Preliminary operation nt ill Bev was announced in March, 
I'duL The I'Oal of these machim^ which is about two million 
dollars per billion volts, is high on the absolute sralp, mid Jma 
Wfj subsidized by govermneui fund?- On a cost-per-volt 
bums., however, Ulu proton synchrotron i? tin* most economical 
of all in cf’l&rators, approaching a wst of G,2 cent per volt . 

For l lie lii^et time particle energies fin- available greater 
1 linn the rest mass nf nucleons (0.938 Bev) or of any known 
heavy ieusun.s. ^ [i-'-hoo funnatiuii processes and the propertied 
of mesons eari l.ie studied under controlled laboratory conditions 
At energies extending Into tlie* cosmic ray region, Early results 
iHigggflt that it may he possible tu prudura and study many uf 
I lie ' si Lange’' p: 111 i' !es uf riusmic rays. Scientists anticipate on 
exciting lime during the early years of research with these great 
accelerators 

The principle of phase-stable synchronous acceleration 
reaches its highest stage of development in the proton synchro- 


07 




98 


1110! r VM'M 0 V A * 'l' I ■ I, V It AT( HUS 


I run. By combi j dug the techniques used in r&rtin machines, 
llieir individual UimPhlions have hern side? stepped!* amt a lie tv 
muge of energies lias h*c A Ei made available 

The HynE-hrotsyelutmii, tvhirh has fieon .*o sin-^f^s^iiil as u 
proton tiflcelemtor in [he ItHi to fdXli-Atev range, require h solid 
cure magnet, Magnet weight uml coat iurinw roughly with 
I III 1 r-uljn- of (Hjlt? fade diameter. Pott er eoafcg also irnwjw* with 
the volume of the field between potes or with the mhe rtf rt'Ufme- 
ier if db lentil lfeih are twaled. If a Hyiirhror'yiiotroii wore to Is- 
enlarged to produce protons of .‘several Iter energy, the msignet 
would Lttriume esorhmuif in weight :uid cost. 

Magnetic electron auTetamtors such as the betatron or 
by 11 ohrOlrt*r i Jlave | srao Lieul er irruy ! unit - t ii 1 he r i n (or of S 3 ,5 mid 
lid I Bev respectively due lo the rapid o impt of mdint ion looses 
espmerii'ed liy the orbiting etectjttbfq cm ttbrussed in Chftp, ‘1. 
Tin- limit of ar<iilem1 cun is rv-aebt*] when the rudiatkm Iwy [kt 
turn becomes ts |uid to the uwdmurn pru tie-il iiewlfini-ting 
voltage [wt turn TIie h radiation lo??s inrresw^ with thr third 
[power of the ratio of total energy to n>i energy, \E K, } \ 
Reunuse of the larger proton rest t i ner^v 1 the equivadom limhsim 
energy for proton* would In, 1 i 18413limca larger than for cln - 
I i j ' lift. At Mii.y energies considered to date thr* radiation by 
protons is negligible, 

Sii the proton synchrotron use* a ring rnagiun so mince 
magnel cost, acrelenrtca protons to avoid rho radiation lo^s 
limitation, and operates on the principle of synebrommsatcE-oIrni- 

ttoiE :it rOiLHtanl jtliIjiih. Ttiis .. it the principle wan 

Approbated hy mnrhine designer m several tebomloriej^ and 
scwml groups mrlepondE-nrI v calculated the basic req.iiLreiiion.bj 
and dime natural parameters* 

h.\ HisiiosrH?al IJt-vidiipinent 

Thr first proposal of a prof.urdfrruior using a ring 

magnet. , in which both magnetic field and frequency "I f hr 
arcderalmg elec-trir; field nne varied, wua ramie by Ihofes^or 
M. I. OJiphant, of thr- (fniversity of Wirniiingham, rCnghtiLd fc tu 
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iIn- iLriiimli 3 JirrviniHli rif \tnmii Kuergy in Hi43. iVniusu uf 
him Frnir .'iPinrily restriet ions, the proper I wan urn published at 

111! I lirm- ll b- reported in a rU-hnlnl i li^imi study liy I Mi|jlt;uLt r 

OmimJi-h, Mill Hull published in M?47, luvoinpamed hy n I he 
!H«-ri«-iifc .hr 11 lI ysi> uf orbit stability hy tiuodgu, Jenaeri, and 
Hymn i is I- \m iisrelumlor fur pm tuns r>f t.(l Ikw follow trm 

thi--i ilr^iiiMN hm l^ii 11 r 11 1r• r enikHtruetian m (In- I'nivttnity of 
I lirtnm^imrH fur sump year> Professor ( HipluLiit'.s rHurri 1o bn 
ii: 1 1 1 '■ \u^imh;L 111.1 the miKiindy death of \h\ (kmdeu K the 
(lurii Ni-if-ni mi mi tin- pmjiMi, slowed progress* inward ctitojital ion 

■ ii 11 11 ■ msHiins. 1 . which wm tJn- \mt proton synrhnoLrrm hi in- 
-ho i 11 1 IVh’imiw of thfa early ^Urt, the WftKie niunjipt detain 

fro^'ii ei 11 rI ini i-i rur'1 inn ordered before improved dtsaigm 

■ . . |iix developed in lhr rimed Htnfce-s could lie iiii:mr(K*rated| 

.. ii luir'lis mi nr nf the advimiJigenuH features of Ehr latter 

lliiwuvi-r, . iHisii-iierioii is now complete, and preliminary opvra- 
[r< m i m ii'i S : ki-v .vs- rrpnrted in ihe Hummer of 1^53. 

Meanwhile, rhe principle nf phase k| ability in synchros'im 

:ii-. -l. r *.i mi -• w.i - 'in.. I 1 fi MeMtllan* and Vekrle/ in Ml4o 

I in-: pi'an.-iplr Ird in iltp iK' ^ lr^pmeiLt nf t.liei t^nelmJH'yelfllrori 
nr ii I ik| i in’ dirirnri syin I it* ii mn, ni ill r {Tnivrndty of California 
irnl in H'vcrii] .^iu-i* lulnimi.uriptf- Both papery dcttcfilM’ two 
i--i’lli<!• ii n for KVTiiihirnrirsws nerelenttioiii iiivuhiiijc the list- uf 
fru plenty Mini Filial inn fur heavy purtinjo nr of an inei'CftHing 
i e 11 l i n 'l i' ri h■ |■'| fur rlerl mu.*. Both papers Jilw'i inrliidtf ihe 
jinsjHiliilit.v ui amderniinn uf proton* at count an l mdiiiH hy vary¬ 
ing iH 1 1 ii iroquoney ami magiirije field. Inn neither paper wm 
pmirmly eoi warned with this more complicated application 
Design Htndie? fur proton uyntthrotroEm iti the I iiio-d 
>i o. - stnrl ft| I'virly in IW47 in two hihotafrorie-H HUpportcd by 
lltf I > Aimoif Energy Cuimm^inn. Dr. \Y M fhoberk/ 5 
of i la- I : ni V 1 T-- 1 I v nf t 'nlifnroin Radiation Ltiiioral oi'y, made a 
jrn li mi miry resimrl uf a (alible design fur IThBev protons in 
I'Hn, uhieh \vn± prinukrilv a study of the prnetieahiiity of 11 
pul- 1 -I jinwer supply for thr- Lurtfe rints nuiguot n^ijin'd. The 

iTiioue 3n'\ :i Iron mm idvr-n tn this hil!ioiM'lertrrin-\m!taeefleriitoiv 
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Meanwhile* preliminary designs of n similar accelerator 
tot started At the Brookhuven National Laboratory under 13if 
diiwtion of the writer, on leave from I hr Mjimchiitfetts JnRli- 
t-ute of Technology, as Cliairtimn of the AceHorntor Project. 
The Htiniitlu& to Start. this dovduprneiU earne from Professor 
1 E. Hahi, of Cotemljiti Univettflty, Thu early 11 rook haven 
plttiiB were reported in papers by LdViiigatoif* llehL others In ■bar 
the American PhyKjnd Soukay in 194&, As ihe design ap¬ 
proached rompletirm, fl description wiis published by Livingston, 
Tilewett, Green, nml Haworth 30 in January, 1930. This mj whine 
wus Boon given t he I id oratory name of the csosmotruin 

Both the Berkeley Radiation Laboratory and BnLSjkhaven 
were encouraged in these design studies by the Atomic Energy 
Commission offiriala responsible for research and develciptnciit 
of iiiFtnime-ntK. When iHettminary designs and cost estifnates 
became available in IBIS, a tiedsion was inude by repn'sriitiitives 
of the two laboratories and the A EC for ihe const ruction of two 
maeEiinps* a 2,iT tu 3 r £LBev coemolroil at Hrookhaven and it 
3,0- to 6.0-Bev txjvatron at the University of tMifortiim In 
both laboratories tcamis of seientiFts and enginery were an- 
gemhfed ir> complete designs and proceed with construelion. 
Many of the members of these tfi&ms have contributed im- 
[Kulanlly to the ileyijrijs, and tbo requite mtiet be cutjsiikwd tin 
product# of the joint efforts of a large number of Individ unit*. 

The HrmikhEivon cosmotrcin was fust operated in June, 
1952* and Was rapidly tuned up to (he im:i vuniiin energy possible 
with the available power supply of 2.3 Ikv. \ jkmiimI of en¬ 
gineering cori&didatmii and "bug- pic king’'' brought ii back into 
operation cd ilm date of the tfedicjition n-ifumniii^ i■ i; December 
13, 1952 Operation at the maximum designed energy of 3,0 
Bev was announced in early 1954. Mrmlhj^ttud poshly year*, 
of further improvement can be evicted* following rS|Ksrienw 
in the devclopmetn uf other aiwInratOfs, Ihmvver.. ex|*eri- 
munfjd use of ihe Engli •energy protons is already under way* and 
tuaoy scion lists at Prookhuvrn uml the r rounding urnverssLips 
lire engaged m the ifevdopmcnl of detection devices nntf in 
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perforining pK'iw'rimrnl-'i with the radiation* ruining from I he 
imiehirin* An unusual 15 nunpletp description of tile litiul np- 
eiuting nim-hmo neeupie? .;i Full i^sik- of the fictfirw of Scicntijw 
fm-tnunrtilr:'' 

i'ri ill'll ir Oliplifinr 1 announced plans its IBM to build a 
proton syiu'hrr-itrnn ilE the University of Canberra* Australia* 
U\ n-m:h -b Buy energy. The original plntia were of fiperinl 
111■ !.ni... hi whir h a ay111■ 11riw:yr 1 LisTroii of 2 tfHS Mev was in lit *LStld 
;i-h suurre of imiH for nn AJ flir-oored" siynclifOtrmi around tho 
periphery. Uliphant railed il a ryHo^ymkrutrnu. No in* 
forma* inn has hm published tfcynnd the preliminary report 
rpfereurH aljovpj but design niui construction ate reportcrtlly 
in n Jr r way on so rent I of the camponrote. 

U /2 Principle of Operation 

Hie principle of operation m basically the rjin m uh fur the 
ebulrrm *ytit'hio trail. A iixed orbit radius i8 nml, iuid a ring- 
Jukjted magnet pniKluens a magnetic held neroes n rioiaghniit- 
-h: l[m• 1 1 viwtltiln rlmmlNT enclosing She orbit. Tin- magnetic 
field inei^Lsi^ whh time ns (In- pinions pm energy to main tail 
ruiihiUiTii ■ irliit railing Inns tins itijtirtad into she orbit at low 
eiir-rgy when the innHeld i« small, Knwgy La supplied 
liy [Ui ;i. .i fc |i’rating electric tield applied iirrosa a gap ti\ one or 
mnh L point* in the nrUr. Rip unlike etartrOtvgj which approach 
the velocity of light at relatively low energies (c = Oifi* as 2 
Mevj and have an o^ntudly coruftant frequency uf mint km 
during iireelemttoiu protons do not imi'h constant velocity 
mfid they have much Iiigl m- r energies (u = <J- 9 Sc at 1 1W) P hj 
thrir velocity and frequency of rotation mnro&se during ll» 
i iitire Lurelarni ion inlr-rvaJ, The applied riectriv field muni 
synchronise with the ion rotation frequency. In l.lie proton 
synchrotron the frequently must be lumlulaterl over a wide 
range (abend L to }l)) t determine by the energy at srijeeliuji 
and the miixlrmiin energy, This rtqnirenienl uf u variable 
riv^pii'iiey unsdoniting voltage introduces nev, juid eumplkoted 
hvlmind prnhh'iii^ in rfn- design of i.hi- arveli^mting syblein and 
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uf Lhr high-frequenc y oscillator. Furthermore, there is uo 
mitiUinntic stabilise l ion ni ft fb&ii lmquuJiuy iLtud orbit victim m 
in the elfN i nm .hv m-hrutrori, Iml. to iiimnlitin ihe eunKtanfc >.»rl 
radius, 1.1 m frequency mast lw pro^mmed or i-mil.rulliti ni c-ui-ls 
iiHSLui jL Ln mutch Lfof- rotation frcqui ney uf (he ioruiiiB they u;il i ji 
in energy. 

The same type of phi®* focusing evicts us Lji ibe elytron 
Hynrhrotrun f which bimtihe* lhr ]>:ii i irfci,- uboul nil equilibrium 
p 1 1 use: uf I ] ir need i -3 'llI i r i u, dee l tic I i- 'hi. I f 11 w a| j] tl m l i n ^uc ik■ y 
Id correct, t fie p rufous msiiiLtdi[i a constant avei'j^t 1 orbit radius. 
Hul an emir in frequency will omsc lhr liunrh of purtidos to 
LEailL energy tit u rule nut compatible wirh liar ni creasing mag¬ 
netic lieir( R and they will spiral inward or outward ami be lust 
against. tile walk mf the ahiinil*er. The schedule uf frequency 
nuxlijInLum required thxa nut follow any r- ml■ j 1 1■ - 1am hut depend* 
on the litne rule uf increase uf tin- mogtieiie field* which iiwlf 
n function of Lhr constants uf the power supply ulnl the* proper¬ 
ties of tin 1 magNct iron. So tfiew problems uf frequency run try I 
am eii(;OLiJitemi t which are unique lu t.lir- proton synchiotron. 

ItUki nre injected into lhr orbit by an ansi bury ueeHerikiur 
l hat produces a Hhort pulse 1 of purl idea V. hich an- gis well defined 
i 11 i“i»ergy iuhI us pitittdy v* jIIus i?afed in ilinicfion us posrili]e. 
Dedal inn* in dlrectiolq energy, or timing of (Fie pul^e at injec¬ 
tion result in oseLIhliuiis of the purlides nhuiH the ideal cimibir 
orbits defined by the |iu.rtix-h- energy mid the mugneije lie-Id. 
Tin- amplitudes uf these fner oeHrtllatiortjn specified by Ihocoudb 
lions :it injeenuri, determine minimum dimensions fur the 
vacuum I'bumln-r and of the li&efut rpgimi of mn^uHic- field. 
I j1 cxiusing fonw to proilnes stability nr*- sijp[>lieil Iiy a radial 
deisreniiai* in iJiagnetic lietd, Uniiu-d ns fur lhr rlrelmn syu- lmi 
(run to the range in fiekt ind^x n of 0 < n < I. Hie average 
value of n uromnl llie orbit determines itie froquenn of the 
nidial and vertii-id free osi-dlalions. 1-or the nuijcr- of jf-valtics 
iimuI in practii-e |0.G < h < O.Sii the frequencirg sii'f in llieruugr 
£1.7 / H to 03 J» where/., is the urliilal frequenry. Tltesi- o^IQa- 
1 i'HiH el strongly dumped in the iiLcreoetng magnetic field. 
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vurysun m amplitude with lT h '~, So the dimeiudutia uf the 
M metope iwlnKiNEE the 1 ions are mdllred in n liiizil ttrosection 
of u few wjimro miiitnelerx 

f .iKr-ilkLt .... in Uu* jihaseat which (mrrid+s^ cruss ihe 

a.Trlemtinjs gap, and ceirraqmnding osriJtidiutjs in energy an: 
»iiperimpo*>d <m the steady inerensv fd eneiigy with ibie The 
eui'rgy variation results in radial plinec Otittilbilimis so that llu- 

injitLinliiiii'OLi- "thi[ fur each purth-fn c*p.. and eoi i in> ■ i -„ 

rcnU'reil mt mi Nipnlihmim orbit defined by the applied fre- 
Utwnm Initiations for computing llu- frequency of siu-h phstse 
wriilLtiiijns art 1 Kpven in < fc bap, 'J, This frequency in of the order 
id OtlJ F ;i( ih<* start of aueejeraUoEi and 0.0001 / n m maximum 
energy lliiti means that the particles require about 100 turrit 
al the suirt and 10,1311] turn* at high energy tu rump] eta a pha^e 
one? Hut km. Same plmse damping oneura during arrelcrfitimi, 
Miffinent to dciwaw the uzunm hd intent ixf the hunch of iorm 
in ahnui half the original BpmuJ- Meanwhile the iuc rearing 
tii Id reduces I hi- radial phase amplitude to about nuu-twrtil jet ti 
uf I hr tnil IelI value. 

Tl.r ruugnel i.- powered with u pulse which gives :i rise 
time la maximum held of alnsut 1 Ber r then is reduced to leru in 
iin r<|ti-d in I it 1 , al. InCis reach musiimim energy at the peak of 
I hr niriaiNT i■ y h 1 [! ■, at wliieh Limp they am directed ugnuist a 
largei I'nines am nutated ll* often us derirsd, limited by the 
miirur* uS t hi- power supply. 

tvM Mi-'.ign Frill LtFr* 

The eo.HcmotroTi was the first, proton synchrotron to 
t r itcnple e ed, mid imirli more information cimcferning it is avail- 
j l 1 el* 1 than fur the lee vat roll or other liiat-hiaefe under ctmrimi' lion. 
Accordingly, thr description in tins ahaf.uer of the dimeliaions 
mnl ilrHign parameter?; requirod for it proton syiu-lirulraii will 
refer h< the vonmnlmn, The aureesslul iifH-ratiou, with u iiiLrii- 
miiin uf ilifTmulties in inning it up to Siigh intensity; warrants 
ronlidein-y in thr effect ivenesa uf the ik&ign. 

The relntfoistfc relation }*< tween partiek 1 kindle energy 
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5T P magnetic Hdd ii p and orbit radium /{ is given (Eq, 2-8? by; 

r ! + 2 A’ 9 r = cVjjV (r i) 


When T tuit! i'n hti* cxpit'Hsod in Rev unii* uml IS is in writers 
per uquare melw (units «f 10,000 gnu;*. tltr iwliuH ir- given by: 


» _ I T(T + *tel 1J1 
0.3/i 


TO 


£ 0 - 2 ) 


The Firwt parameter to lie determined is the (lux density li. 
Iron-caml iruignets have a practical limit on fins density «H by 
sat.uration of the rmi al roughly 18 ktlogmjjpi (1.8 wel-CTs/so 
Laminated magTH te, such ju? sire requrTiwI for puked rvperatitm. 
have "ither pbymrvif limitations dm? lu eddy ■■imvhts. lamination 
inwiktkm, and span for clamps, which set the pmetical limits 
still lower. In the cosmotron bundles of lainihatimis sure nr- 
nmflBd radially amund a riridt\ leaving weflge-^uiped spares 
between bundles at the orbit, The average field in the gap 
butwieen polnj has a jiinuLmiim value of 14 kilnguiww. Al tins 
average held me prnrtfons of the iron dmrit. I-■■ vi reached 
satimitian, Alternate designs with closer packing of the mm 
might result in higher Holds, but would involve a itioie complex 
structure. The designer's rhmm in filmed on minimizing e-os! 
for a given HR value. 

Equation 6*2 mil he used En cjibuhtte orbit riultun fur the 
i3i^in*nl partide enrrgv 7 p r nrn'e the gem-nil design feahm'S im- 
eatahlUhed anil the imvimum value of fl h known. The iirhil 
radius was fount! to be 30 fl Fnr T(VPk>v K pmtoris at I l kilngrui** 
for tho cnsmotroTi. 

As the dealgo studies devplnped it Inline evideol dial 
there were sevend reasurm For providing r-^-m uni I - in the urhil 
free fmm magnetiii field, A design of n isyorhmtmn mill 
.straight fictions between two semidmilnr halve- nf n ring 
magnet, cadlrd a mee4mok + had been promised by ami 

Eim±ty,zed thcopctiediy by Dciinkon and Berlin 111 for the 9' ni- 
vr.Tstiy of Miflhignti eleetrun SyTiehrrvlrnti. Tn rhiN iiinilyws it 
Wfin ahown that two syrnmetri rally pliteed whorl gaps in thr 
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nrnunul it lie hi would nut cause defbnusing nor wet up excessive 
hiis fjsiiilljil ium-h The stability would lie mu ItfMter with foiir 
or morn straight sections. ritill higt^r-frEiqu^cicj angular per¬ 
turbations in rhe Lipid suels as those caused by magnet lamina- 
Moms nr bundles of laminations would have rm iusignil scant 
effect on mu EJrtrillaticjne. tio a was chosen* at Brook- 

Sum <n n a li t EkltHi nt Berkeley* in whiek ibc dnmlar magnet was 
sjmeed into lour rpijulnins^ joined by straight sections free of 
iii^hHk: field. 

A field-free region is essential to nectULiinodjilc the type of 
induction jLrcelerator used in fcho enstuntroiL, or the tuned 
cavity used in the bavutrou. Another is required fur injection 
of the beam of protons from the source. A third is used to 
luniHi pickup i Joi::trafea to detect (he location and the timing of 
the rotating inn bun eh. The fourth section in assigned to insert 
targets in the internal beam or, eventually, for ejecting an 
emergent beam of high-energy protons. In the hevAtran the 
straight soctioTM are also used m man if n kte for the vacuum 
pumps m the chamber. 

The choice in the ccumotron was four 10-ft straight sec¬ 
tions, between quadrants of 30-ft radius. This length Es ade¬ 
quate to provide a fold-free region for the induction accelerator. 
Figure Cb] shows a plan view of the machine illustrating the 
I -qiiEMJ rant const.ruction. 

Tons are accelerated to 3*5 to 4.0 Mev in a homontal 
Van dc GraaH electrostatic generator for injection into the 
cogmntmn orbit, This generator is produced commercially by 
the High Voltage Engineering Corporation of Cambridge, 
MaraTbchiLffiftts and it gives a well-for-uswl beam of protons, 
pulsed to high intensity for a time interval of about 75 micro- 
sdcothK timed to overlap the desired injection time interval 
when the magnetic field has the proper value. The ion source 
is the high-intensity PIG (Philips ion gauge) type developed at 
(lie 1'rnvcrsity of California. It htta n peak pulsed output, of 
;lI Mutt 3 ma of ion^ of which about one-third consists of hydrogen 
at nmir ions, or protons. The accelerated beam is analysed into 
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cwnpowntH by u liekl wliich di'fli'r ts tin■ protons liy 

i> 0 , IJifl nwfi-2 hydrrigg'u nmfiTulur iona im- lii-tli-ntf.*] a 
sOUiUer tLEIll Jl 111 1 UIIlE tllll nil !( fxur ,.r 1 n M J l-H wIlHlll i LM' l|Ht>ll 

bo control the torujui mm-rit to the gt'iwralor icnniiijil M.rni hi 
l« rcipiljito voltage. 

fhc DiialywtJ imt fneusi'd In':L[]i of jjmfLiiis Ls injwlHrl ini.ii 
I lit* OOStHJt|t>]l Hi Ulie ill bite I’uifcllt '*■■’1 imifj liy cii'il PtjStal ii 
deflection between u (uiir of turveti elect rodes spaced U in. 
nfmrb. J’he U-uui i« do Aorta] liming]i w, ndc n] 3D" <m :iii 
nr<i of ]U*ft radius of Hitirvnl.ili>* by tlie i lm i ti , |i' lie]t], which 
mniirefi u pobeiitud difTtmoiwe of ahum 30 kv. The inflect or 
electrodes arc J non riled oil guide rui]» witli w-nm iidjtistmrnm 
available from outside the vacuum •-IjiuiiUt. mi tin- vertical and 
radial portions can lx ait in uny ifodivd vulm-. The mast 
JMtiafjMitory pasatmu Wins fount) lo be on the modi an plntie ul the 
extreme outside of the useful ragiuu uf mugim-tir field, im an 
orbit radius of 372 in, vom's-pomling Lo the locution of n = 1,0 
stt injection bmp Small deviations in proimj energy or in Ihr 
in fieri or field rein i It iij imjplur Jovhtiona nt injection. SiniT 
mistimiiiK of the pulse causes mjariltaiuncut villi tile riiujlihiiiim 
orbit, tins* parmnetertf are adjusted by iku- operator n» (five 
maxi mum beam intensity. 
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Lhirfirle ost-i Uations lit injection have amplitudes detar- 
miiu-E e,» lEuiLi ily hv tin 1 angulardivcrgont* of ihe Ivum projected 
from thi- source, but may be incrtaiflocl farther by mAgiudic 
]iiiii3iuii-u- iii'iiit's or physical distortions of 11 n- orlwt from sym- 
niH ry ^ iTin'iil oscillation amplitudes may intrre&se if die 
him to iracN3iii:ia plane, liIhsiiI which tb OHdltaliffllfi uns fwitl*r«l, 
dev kites from I he geometric center of the magnet gap. Initial 
niiImt ampin m I esdepend si rungly on then me at which ihe Imam 
in iujcvi.ht Then- will In* an mat uni at which the orhit radius 
Nit i>: krlicles nl injection energy will l^e irtent teal with the radial 
focal icm of i lie- inji.M tor; if -so, radial nwiHattona due lo angular 
divergmicc will be cec j l ered about thiR circular orbit- AI any 
Infer time I lie- i‘L|iti!tbrinni orbit will be yncmllcr, fihrijilrinK inward 
magm iir lir-hI increases. The maximum idhmable deviation 
in time oi i i lt> when the equilibrium orhit reaches the center of 
i In 1 i'himliter Kndial ampliiocto would then hf equal to the 

full half -w . oS the elmmlwr. unil jHirltelpa would just graze 

11 .i ■ i m ier v. h 11 l h y we ve r. add i t i oual nit I i a! t 3 igplurrm ent s oer ih 

i he particles develop phase oHCElkLiionB* with sin associate it 
r ii I lo I h! ii I from ihn i list ant anemia orhii, ho the time interval 
Nir in i cpirimi" is reduced some what Mow thp above maximum, 
c'h.nirfcof i , himdH j r dimensions requires evaluation of total 
fvsi'illjtlirKi tun pi mutes untie! pal bg: i he effect of errors. in beam 
energy mid ilireedon, including a suitable lime interval lor the 
injection pulse in pm vide adequate intensity and allowing a 
reasonable furl nr of safely. The dee mi on of ihe designers of the 
cuKifinlroti Was to qiedfv jl magnet gap of 0 J ^*iu. height and 
lii tii width, inside which a vacuum chiiinlwr could he located 
1 1 :i vi1 1 iz u useful aperture of b in. by 3<l in. This w'ua estimated 
io allow a safely iaelor oi about 3 in troth dhkiciisicms. 'The 
jutfilfeaiiuti of I his choice te in Hie reftlltd. The ubaerYpid beam 
was b min I to require fes** aperture than llip rhandler prrivirlcK 
and del mi ng slits which were iiuslatliHl temporarily to reduce the 
vertical dimension io‘J in. were still suffident to allow Lk fraction 
of i In 1 I team to he acceterated. 

The time of acceleration, diiriuK which the magnetic field 
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Uitfpnflps 1 rtim abuut Hi til In It ,IKHl gauss, is a basiii parameter 
which influence# many fit her design constants, A short risr 
time 1 decrease* I Fk* average power consumption rn the magnet 
I j.rrimariLy fine to heat develoj)ed m I lie wHndinghJ, Ike! rerjuiti. 1 * 
liigher applied volLugo r.m the hnlm-uvr magnet coils and sn 
Encjeamw Lb- fH'uk kva requirements of the gi-nemtor, Scatter* 
ing by residua] gw in the eluunber is reduced hy n short rise 
limr:. The volts |«?r liiru required in the rf iiccderutingeler'irlr 
lielti ifepcnd-i directly oil the mm of rise nf the rmignelii- field. 
Cost- of the rf liCoderntoT unit inn-eases with a high power of 
volla ]w.r mm, primarily lieranKv of the wide range of fm-iiucncy 
modulation also requimd. The rise time chosen in the rus- 
mi.itriiri design to balance thw several fm-tors s* I fl sec, ah 
I, holigli ilti allowable range- Extends from 0.5 n> 2.0 wee, 

The repetition mu- is limited by the aVenuto power ruling 
of the magnet power supply, and by the cooling system used for 
the magnet coils, The chief ndvnnUge nf high mpelilioti rute 
iH the inureoac in the litiu>u,vemgr beam intensity available for 
eNperimciit.n. In the eoamot ron the mugiiet eyrie conskit* of a 
I’tfce rise, a 1-nr.x fail, and a 3-sec rest, so pulses arr- repealed at. 
5-ft-c intervals, Tin- high-energy prritoti* am ejected or directed 
agnirisl a target a! tin- peak of the eyrie and are available during 
n burnt nf a few millisecond* dumtimi, which ran he stretched to 
idwmt nO mare if desired. 

ltd I he It mg Hague I 

The simp- of the cosmoimii magnet stfittituiv involves 
several unusual features. Il is htwi cully u f - «*.-tinn ^ i11 1 mini. 

mum size “window" fur the winding-’ 1 ... ■ tin- t diupe 

was influenced by the desire in provide reu ly arecs* io i lie 
vwsijnm Huunlvr uround its nil ire outer periphery. Chamber 
iiBS'mh'ly, main ten nitre, and vkrinmi baling ore greatly Hmpli 
lied, and pumps ran is* knitted it* frequently as desired along 
the length nf the chamber High-energy ions ami uciiii'tuia 
ffl*W lungcM ially from the ;i,-i'(denitnr around the cimimfcr* 
em'e, with ouly thin windows in (he t-hniuber wall fm absorption 
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Fiq. fi-2. C'riMK fotttioa of C magnet mid ABsatnlriy 

of platua ititu blocks. 

ami scatteriug of ihe radiations. The pcddbffi C-slupedmagnet 
■••avis it lifts mmimunt dimeraHiQiiy and weight, and tequims only 
two actio ratcly machined ffliriWea (tho pwnla faced). The QGt&g- 
• •: i: 1 1 outer shape is a mm premise achieved by cutting ulT the 
corners of KupiJLiv plates in rmimjIaHun 1 . A oraa-sectional view 
m shown in Fig \\-'2. 

The magnet is eonstrue ted of 'it- in hot-rolled doft imn 
plate, with fMijHT iiLanlutioh Mwefin lamimtioii* to limit ix idy 
i'unvnt-. Fni utatinnh nf I lie effect of eddy CUrreMe on Mil 
nnifiirmity in the gap hJiuwchI that, Fbin. plate \vaa dalMackiry 
for lli' 1 ■*1 1 rKSi! l i rate of rise of field (averaging 14 kilogciUfUl per 
second during the pulse). The laminations are- stacked into 
bundle* of twelve (about ft in. Lhkk),. weighing about 6 tom 
ear In fur bundling and machmiifg. Each bundle is funned into 
a .vuliiJ mill by straps welded scmas the outer edges of the plates. 
Er should Ik l noted that essentially no magnetic Hum cmaoes 
IK 11 i .si.■ rste-nml vvddti, and, I herefure, they do nut Lnctvuac eddy 
[NUTenr.-- significantly. After assembly and welding of the 
iiirlividunl. bundles,, the jhjIs faces were niarhined to Lbe prerdse 
iIjinienHions determined liy model leytH to produce ari rt-value of 
n,n JUTORS the gap. 
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Oil delivery cifeh of the? 288 magnet unit* was put through 
on exhaust iw magnetic lest |ireigmm, tti ■ liiii'rciiim* the hj value 
• ho locution of the magnet!' mention plane, the remanent iielil, 
ute, A careful sorting and balancing procedure was used io 
assign a i§ct|ueniial order aruuotl the ml at, based on uiihtIIiiu! 
tlie extreme deviations tuirl obtaining the most finf-gr&ilieii 
dist.ril mtiun ixissible in the ijihotnogeneilU's li is i in it ted 
dial. this procedure reduced (.he elTeel of the udiomogcneilirr on 
oscillation amplitudes hy a ftirkir of 3 below that whit-h would 
have occurred with random stacking. 

The excitation windings fur ihe ipacnet sire located sts 

dos t . to ihe magnet gap ilh |j*.u»H>le u.oil is located m the 

.-loi. ot Ihe C-magnet. mu L a divided return i-ral is placed aliove 
mid lietow the gap around the mllside of ihe iron. In principle' 
:i single Hint winding would fie sufiicient to produce the desm d 
fielii ill the iron. However, jnich si single i uiI would produce 
large cxternid (ii'lda in (.he air niHsidc nod inside the iron ring, 
which would increase live stored energy. The reruns windings 
scrvH- the purpose of confining the magnctii iitiH closely to the 
gap lielWfscn poles mid within the irrni magnetic circuit.. 

Eaeh <|UHill'alll. is Wound sejtoralely, with n tnf.nl of 3* 
(urns, The four quadrant.- arc flowered in series to nhttiin 
hlcrilira! mirrrtnts Flic eouifiiotors sue Ijcuvy ra 11 'jxa' I>n 

formed with tin internal channel through which water is ci.reti- 
liiteej for cooling, Efuh bar of quadrant; length mbmit 50 ft 
has water rnniwrtimiH at each end The wafer cooling fm the 
fM» bars of ciwli quadrant is supplied in parallel from writer 
manifolds, through lengths of plastic hose to provide menial ion 
The water is pumped through a heal exrliangei suid n pun her 
system to maintain low electncal j-evih fin-civity, with a flow 
sufficient tn restrict temperature rise in the ivater in lews tlmu 
10°F. 

Pimetiukuifl of the e<Hldtlefnre in the glut winding ore reside 
as small art practical, Ut order to lit within i he narrow slot. Tile 
ret.iu-J! windings located outside the magnet dn riot have a> 
mw sparse limit ntions aud are made f»0Tf larger. 

Mild connections joining the slut winding and the return 
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windings an- also wnlmwoob^ foraiwl with fiilvw-btMfcl right- 
onak j.oitiljH ul ihi 1 eorrierH. Heavy Hum pH are used Uj holi.1 the 
i:oinLin:hii-- Siuiti .shift nig «I lip: to magnetic forces and ^tiff spring* 
t »H ween hiyvi'f in I Ur rin I I'omieclions allow t akeup for expansion 

i lur In hrur LIJIC- 

Tbe power supply for (lie nmpi l provides e pulsed cummt 
rising approximately linearly with time for I max then dropping 
l.d zero an rapidly possible. TliisJ cycle is repeated lit 5-w 
ini m ills. At 1 I kilogaOs-i in the magnet gap., <!ir loLfcll stored 
energy in I fa 1 magnet is 1.2 X 10' jouk.H, while the heat dis- 
si|ui1.nl |K!r cycle k about iKtip-fifl.li this amount, A method is 
mp cirri! which “vviM re-une liis* 1-unes 1 energy. The lochniqiie 
i hn.^'M is to u kp .11 motor-flywheel■-^nemtur-rei'ti.fier System, in 
which energy is stored Lji I lie flywheel to provide power during 
ihr- pufoe, amt excess magnetic energy m returned to the fly¬ 
wheel tielivreji put**#. The ae generator ami ignitron nwtifurr 
bunk arc rated for (lit* peak kva Load required for the pulse. 
This m|uitftf a i luminal Siting of 2ft. W kVa for I lie generator. 
The flywheel m dropped to store about 10 limes the energy 
matured |tor pulse. m that its s^ed in reduced hy 596 Ht the 
jwiik of the cycle, The motor will bring tJie speed back to the 
hHkImjiI v iiIlh hi Hi'- initTviil lietwoen j jhiwo r eyelet making tip 
the 3 enemy dtasipal.cd in lino It is rated for rtu- nvonigo power 
demand. In ii print an 1 1 the bank nf 24 ignitruna in ji 12-phftgfe 
circuit have I heir grids controlled to rectify theg&nemtor output 
mu I apply il to 1 lie magnet during the l-sec aeeekmt Km interval 
The ignii.rons are then switched jo inverter action i<i return the 
stored energy im the magnet (less beat losses) to the ulternatui- 
llywher , l during the following second, 

(’Inure of voltage output for the generator fixea the ntim- 
1 w( of lurns in line ensign el binding. Mamdiiclurem ml v feed n 
rating of a bon 1 (H>00 volts* for a generator of cilia ruling* which 
will dnip by 25% under full load. Number of turns can In? de¬ 
rived from the reLatka: 
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whcvo Bx is the re sist a nce of it 1-turn winding, and l is the cur* 
rent in this I-turn. Hie total mitgnddc flux (imtuiibf i.Le Htray 
field} and the rate of rise vdth lime were determined from magnet 
model tests. Coil dinwitifliofis dntpnuine the resist an re of the 
uoil, and the ampere turns required won* obtained from the 
model studies. The number uf turns rmpii vet I for the cosmotrou 
was found to be N = -IS turns, 

I he excitation to produce 11,000 gauss in the m&guct gap 
was found to be given by NI = 3 M X 10 s ampere turns. The 
peak current, in tie -IS-turn coil is / = 7000 amp. tlfJKistaurt' 
of the coil proves to be It = It. t-1 ohm, and the iuiltidiuinc varies 
during the cycle {due to the variation in permeability of iron] 
ftom (I.-17 henry at the start, to a maxim urn of 0.8(1 henry at 
I1XN1 jams?, and to cl filial value of about (1-25 henry. 1’htr lime 
constant of this inductive circuit is of the order of magnitude of 
-I s«o. However, the actual magnetic field ruse ie im linear. 
Blurting at 10.5 kg/sec and falling to 0.8 kg/toc at I see, The 
time cycle for voltage and current shown in Fig. H-3 is computed 

wins 
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L'mrn the nutgi ll l 1 properties. The fate of rhunge t»f magnetic 
field !■// 1 1 , i/.! 1 determines Iht necessary voHfl per turn for an- 
eelamtiun, which is filiuwn in Frg 11-1 is a function of rime 
i lupin 14 the uivptcrutbig iiitorv-sil. Also shown in Fig- 6-1 is 
List frequency lit lie ryrii! obtained fr dim 1 i i r 1 m&gnetio field. 
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f in, ft E, Inn rotation frequency and jic iseterating 
vr.iltbgH j^r turn rrijuim. I during rtL'cclernLion, 


b*5 Hadiofrcquerfccy Accelerator 

The average energy inurement required to maintain ies- 
urtmme i* about 1000 rv ]h?t turn. About twice this value in 
provide! lu Edluw phase 1 o&cUlafckms m sowing lluough their full 
image of stability. The rn'crlttruting potential if applied rieroiw 
!L gup fnitnetl by u slmrl iiMuhling flection The requirement!! 
nre, thru, a rf voltage synchro! ii zed with the inn rotation fre¬ 
quency which -4rtrlM ni iibfuiE. 2400 volte \mk ill 0.3FV Mo and 
r^timds in it bunt 14Wfc vdlH [H i uk a! 4,20 Me following the 
frequency nmi amplitude eidiediil^ shown in Fig. 0-4. 

These accelerating potentials are modest lift i-ompared 
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Ehnsr xmfd in cydutrann or other nHoniuiif Eiredenttors. 
But the wide range of frvHjueniy variuLimi, by u fivHor of 1:12, 
Eiinl ! be rtiquirvmenl if Fdloiving hit timid v ji jni'di'iomimed 
schedule, are unique fen t urea. 

The mdcmting system for (lie ru>rn<j1 nun iw e_«yeiitiidly n 

ri iriLEiHfornaej'i A feraumignrti.ore Nuftnutulu *!ir particle 

orbit ili one of the *1 might .section# bln 1 rmf mjitcritll fa m 
ferrite cLnsen to have u tiicfuS magnetic fjermcaihiiity zd frtv 
qiieridi'H Lip to the maximum of 1.2 Mr Power b Fed rn :i nne- 
tum primary winding from :t [muid-hani I rf amplifier driven by 
ait W’llhll U! whirl i w tuinnl «IVU the fltqiiemy rypfa Thr 
putt tele orbits vim ia* vUiuiiizcd a,-; one-turn #emruiiLnr winding 
linking the [rjmsfomur cure. Eai'h time a particle cravens 
the I'orL', i? exjK*rif!ni 1 *^ nn dei'l-mEnutivc lurvr j j 4|tiivuLrT]l 1 o 
(iiEit which would obi it in in a one-turn secondary winding of 
Uh? tratiafturner. 

V nut her djmriprion nf the :wivjfirat.ilig gyetum is iliul ii 
Ssin inilin-tion aced^mtur, depending m lie time rate nf vlumjgn 
of flux Unking! ihr part tab? i trial. h.h in ihr Iretutrmi, During 
most nr 5t.H path rhr- proton in within u gnotjudrsl metal vitcuuni 
chamber, Only while it fa 1 raverring ihr initialing gup m the 
Infusion L>f l hr- flux ^nre run :r cxp^ricnci- r I ii elect rcrniurivo 
force. Tlie t-itne rate nf change ** Eli.ix within the maKrH.ii 1 
«« linking lltr orhil in the iiwlrml the particle iNcmumim ihr 
Rap determines ihr nlwitrumotU'i furvr and hci the rnergy ar- 
i|tdivil by |he particle. hi tlifa unua? the tvi ruinagnclir corn 
linking the orbit is equivalent in I he Mux rurr m o Mai mn. 
The distinction fa that protons ill a ccuffnolrim fNcperieiuu in- 
iiLvii.hu l l mvi'lernlinii^ irmv t^iii lime they ih«> gup, 

whereas in ihr ludatrun the induced dn-lromuljy^ farce fa 
imiint4j.iiiill steadily uroillid lltr entire nr hr l. 

A third way uf dmurihijig the pmjMrtiea of the rf ac¬ 
celerator is 11 mi ii is cqitivuJrTit fa a cavity rvMimifcnr heavily 
loaded with malpriaJ uf high magFHdii 1 jn j nnralu!ily anil Irigfi 
pJlelcwtrif vonrtmji. The cavity ip ihr ctipjMT nliiehi an mud ihr 
i-urr p and tin* fxjtmilial k drvelapcwJ an-hSs the iiLHiibklnl &i\i in 
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i vacuum riiamlwr. If ii wh- Liir filled, this o&vily Would h* m 
n^mnuil :ii Mm high ;t I'm ineimy tuvan^ 1 uMl^Kumll dimoiLMoritt. 

il 1 1 n i r h 4 1 With Jam -U>Tit- r t|igh-i tHttet rle null r Mill I p ns fi H \\w 

’ILKiriM'-wLLx^' used with Htmirmi ^ytnolirntrtms. tin* 

ra^n'iunl frequency would h- Lihvit, bn I, ihe impci Lai in- would 
also In- Iciw j-lI n^rmmir<- Hitt when Uuideal with fnrrni™igiii.'I.Hr 
material, l ha 1 rcsojiiiiil frequency i* reduced in »l smtdla j r 

I turn I In- nrhiml rrti[|itPTHty. The mv r ity ln broadly reHsofiftiil 
and Iijih Hutheient.ly inuh iTiij^vlatrn n- thal it a-un fn i driven at 
ffTN11far ulT its rraumunU. 

Thu core miitprijJ Eg a ferroTtB^Tketie ferrite., which is ll 
semin inductor with (MintJiKitivity If) 1 thad for metals, 

su inldy l EirrPTil liTnikuiorss ant 1 extended t.u much higher fitv 
qutfheieo, t in 4 relative magnetic ^rmeiibility ui iIlih imitcrtaJ 
is in she i“ini^e between of H) and MKI aver the frequency bait (I 
ll«d. Ii eh Ei\;uluble himE«- i trails names huitL as I'crniM'tL]w 
fS-Pi'lli Ainarican Philips V\y.\- llehE kemLuiic lO-eiiend ('gromit'Et 
an 1 1 Sli ntiU' Corp.) A vurieiy of Ivjje;- are itftnJmierl* with 
widely varying praperlie-H, mirl for rrntriy difltemit ripplicatiou*. 
The electrical Hi id maguelic pmp«d.ies of such Lemles Eire 
flcHrrilie'll by | nil il ii'hI n nis of the Philips Lal HjraLririea,, ami I he 
partii-ulrir HiiplirHlioEi 1o the FTxsmfttrttn i* diririissid hy HleweM r 
Plot kin. arid fihwciii of lha> Ehonkhavani staff in the published 
nsfHH'l 

Sownil thousand fHjunrh -it' Ferrite were uatd In etmslmcl 
the a Mire, aimngrd in loamy picture frame unH - ^iHrabd and 
instated to limil wh ly current* and tu fire vent .slam ling-wave 
fcuxlew iii the cavity, Kstch frame wsu* HBsenihkd from bars for 
roils'i with ground surface* rcnii'iuid together In minimum air 
[in]}-: in Mm magnetic circuit.. 

The ■ h l-iL iiU-iL frequency cycle is derived i>nm the mag¬ 
netic cycle ami depends on the jhtFi irnijiTar , i > nf the full-scale 
iiitignel under ..(HTHtihu conditions The variable fmiuriicy 
Nigiuil is gciHTatrcl by an efcelrnnieally timpai willirtor in whirh 
l he tuning is aerompLLshed hy varying ihe ii m, anal hom p e 

ilka i Iskalui’tiLru't^ ajf a .seojiII feTro-fnakgnmtui a?nre m iho nsa'Ulator 
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circuit. nib saturable Li id net anise is a toroid having two 
windings, a do winding (breading. the toroid to produce the 
saturating (ins in tlio uin'u anil u rf winding threaded llirough 
a hole cut in the side oi tie Loroid with a figiire-aighi winding 
in which the dc IIus canoeis nut. 

A diode network with twenty paralleling U-t' rim ills of 
ililf-r-reitt time constants, t-xw■ 1 1 controllable with ditd-opemled 
reeptow, Lh used to produce a signal having the proper current 
versus, time function. This output current is umd to satumif 
the owe. By tuning the time cotisIiuiIh and amplitudes of 
these para deling diode ftpcuits, a time cycle dm bo produced 
which is within Q.t 5t of the calculated frequency ryde over iju' 
fult 1-scci interval. Furthermore, the control* can lx- list'd to 
trim thu shap® of the cycle at will. 

The frequeury cycle must lie triggered to start ait the 
proper time and on the proper frequency in mutch the rest mu in 
frequency of the mm at. injection. The timing signal is oh- 
taunt'd by an EiitngmtLng coi] in the magnetic Held., urhiuh ar 
cumulates charge cm a capacitor, and is used to trigger a binned 
thymtron, calibrated to initiate a pulse ait tlu- desired magnetic 
field, 

Thu variable frequency signal is i isj.-i| to drive a broad* 
band power amplifier* with three stages of voltage amplification 
ami one power stage, in which two ufi-kw power tubes are 
used in pudi-pdl. Tltifi amplifier represents possibly (lie 
highest [mwer system vet I milt for ^iich a wide band” id ill, nud 
many u mini ml problem^ were met and solved in the develop¬ 
ment. 

ft + 6 Vacuum Chamber 

The vacuum chamber is fanned id four quadrants fitting 
between magnet jhjIc Sin es, joined by four tsourm'l Lug straight 
sections. Each quadrant, is a framework of iwmmagnolh' 
slaiitleris steel laminations, with large thin sheets of MyvflSflfkl 
plastic to form the vacuum wall The structure is Einseinhjed 
on two l-in. by 8-|n. bars, bent to the curvature of the quadrant 
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which form the inner und outer faces of the duujiber H Bridged 
iM’fOffii the !|4k-£a. duimber width are wvoral hundred Hut steel 
I uu> "• i hii-k in id 2 in. uidts separated by gaps about ^2 hi. 
wide, 1u form the top and bottom surfnee* of the l*ns_ The 
2-1 n. wide bin - an? hinuiUM ions to limil eddy niiT^nta in the 
Kurfin'r liiidi bar i* inTiu-lwd by nn iusiil&trd pin m either 
end I'fcjL 1 in, ihmk plastic should, covering top nod bottom 
■•urfui'OH ih scaled a&rfu&t gasket# by clamp bars to provide the 
Vni iMiii: scad Tin- r«t metnre ifl eeoiuimieally deigned to use 
i hr minimum sLed section ti-rni resul te in an inter mil clerircmee 
between bn.- under vacuum of 0 in. Figure lt-5 Ls a aketr.di of 
the vanmin chamber showing its countruction. 



I’m. ft-fj. Crura stt-tion iff thu fosmotrori varuLiin rh umber 


The vnrlmm chamber hoses in the aL might seel kms an? 
joined cii the crnl* of the i|iiadmnt chaml^r;- by large flexible 
iKnmaignutic wUiinlcssi $twl bellow.* and have llnp valves in¬ 
stalled m allow seel inns "T the d lumber io lie isMdutcd for vacuum 
testing Many large ports ami rover plates allow for ihe tn- 
»ertii.iii of dertnxlefl, targets, or other deviccfe One straight 
swill m \ h->x iri of Him LI itoss scrtkm p with mi insulating gap in 
Hh- ril'd wall, used with the rf an dernier. Another is ^pecuilly 
diu|ied ins the outer face* to iuatali the mllwlioli platen. 

rhe pumping system mndbUs of twelve identical high- 
vm-utun pump stations, ilistributni around the chamber with 
three mi earli quadrant Full station lia-^ :t large manifold 
era inerting to the chamber, a re Frige railed battle, a 20-in. silicone- 



118 


UU A\ KtfKHGY MX'l L&RAXOBfl 


oil di (Turnon pump, a hi gin var mini clowwiff valve, a booster 
pump, umi all ncceHB&cy vulvca mid putges. Four i ■urn rally 
JmatcH.1 mtscbuuitial pump* supply 1.1 if rough htL.-kiri- vadium 
for I lie twelve dirVu*iuu pump*, xvirlt welded ftim-v&mki&i hm-s 
distributed to the stations. 

Pump station units are interchangeable, und sevurul 
spare unila Eire maintained for repbieemcud The nlrmp-olT 
valves allow a pump unit lu \w replaced wit bum kwing vm-imm 
in the muiit ohumlHT The valves tire pneumatically operated 
ami an- cqulrolIni HmrtmicuNv 1 >y ovcrlcuiuj gauges sn that a 
pump mn lie dosed off an ton sal iraJly if a leak develop;* nr 
vacuum ie lost overflight. The vosmotmu can operate mtin- 
fadorily with several [jumps re mo ye d. it' nerd lie 

Vacuum plum! si hr is a major problem in all iineler-ator* 
In a chandler Eta large as the eo^mutmiq many safely devier* 
itml interlock^ Eire required Ml jiilnls which have gasket And* 
urn arranged with u ■ limbic huI :m helium ■ m Ih l drrulaU'd 
I mu wee! ei gaskets to detect h-uks (with n liriiimi leak detector 
fin thr pump mil-pul Imt'j. or u mudi vacuum pump ego In- 
mu tailed to control a IruIc until a maml.rnnnee shutdown is 
fbidrahlc Alarm type jpugra an- located at each pump si ut lor, 
uml operate pilot lumps ut the coiilrul pmHs) ho the oinerator ran 
c hock the vacuum system at ei glance 

Scattering by the residiml gas in the vacuum eburnber will 
result Eii some loss, of ions from the Imam. A thconfetiribl study 
by Hlndimnu and Couram^ predated Urn! the loss in in tenuity 
during the curly part of the cycle (maximum Icish cmu wring at 
aSjout IP Mev) would lie aEJeqtmtdy snmll for n rhmmltor pres 
of 1 X 10 mm Tig. Mni^immenr* during early operation 
el 10wed the loss to Ini negligible even at pressure- 1 if '2 X 1 El \ 
Vs a E ot^pciuMKie of r hkH tolerance 10 gas prepare, the vacuum 
problems in thr ccMinotran have U-rn Itw troublef 8 ome than 
expected. 

fj.7 Turret alignments Liml Nliteldmf’ 

Beam inteu?dty in the cotsmotron has exceeded expecU 
tions r With 1 mu of protons injected over an effective accept- 
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Jim* 1 1 Tilt? interval uf ulmul 3U iiuerui^eoiid'q the number of 
|iro(4 niEs available j'i m - accctgratiun its alamt - X H) !l protons per 
pulse Tli« j>hi«sD ami pi since angle of f rudiaius. allows aboul 
11Jill ■-! these (l y Ih? hunched into stabler HyiiehronoiJH orbits or 
I X It) 11 protons [nt pulse, The lugli-tiucrgy benm ml^rimily 
has itH'ii steadily since the iiminl operation from iiIhjul 5 X HV 
l.o is present value of I X lO Ul ppatons per pulse. Thin means 
that io % <\i ills" available inns are retained liBjdl ueccterupxi at 
hath ern?rgy. \i the prc^erii top energy of 3,(1 Ifev this rcprc- 
swua a hi iie-avcrage pokier in the I team of cine watt 

* Chi' fit^hHenfiitO 1 I seam can In* diverted radially ta strike 
il largest hi several wuya. If (III 1 rf OticihatOr is turned off lieforr 
(he magnetic field H9twth?*ita peak, lhc particle will spiral imvtird 
fit Oti ntlf *>i uinmi O r tMJ2 m. per turn or [mr 0.25 microsecond; 
so the I seam will move nidi ally inward by t in. in about U.L2 
milliyocond. Or. a modulation nf applied frequency itui boused 
to >hifi The 4ablc phase angle, This nm liirrcaye the volte 
|wr turn, ami the team will spiral outward toward a target. 
Siam tlu' mudmuni mtr- of mermse is about twice the averse 
value. i hr taint can Ik? moved outward at. the same rale given 
above. 

For some experiments it is desirable to slow down the 
rale uf cleanup nf l,lie Ikmi a^uniit a target as much us possible, 
This ran lie Jimimplmlicd hy a small change in the applied fre¬ 
quency Thr longest output jmlw obtained to date ^ about 50 
msee. reprinting 200.000 revolutions. An doctronii' particle 
den a tor, such us a telescope of 1 wo or more Heiutillation crystals 
with photomultiplier tidies,, can l>r: made to have a time resolu¬ 
tion of IwM.or tlLuii 0_2fi uiicro3DcoTifls # ami therefore ran resolve 
the individual pulses, if the eoiiLeiileauv counting and data 
storage system** run handle thin rate. 

In Either experiments extremely short, heam pulses are 
desirable,. sui'h us those utilizing rime^nf-flight. lerJiniques to 
11 1liServfvery short lifetime process. 'Hie shortest pulse 
pursdbie by the method of eOUtr«.oting the beam against a forget 
in about 0 I msec. 

Targets can be located permanently a few inches, from 
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the inner chamber WiiU r A mi all fraction of the beam imiy Ik* 
lost against such targets during injection. At high energy E tat- 
beam can lie contmuted t« strike the Urp^t. Thu ^nmn^ inid 
dunce aasodateil with the anudL contraction \m turn ineaiud ihm 
each target ie essentially a ildn target, ainue it aumui U- idigued 
with .sufficifflit precision tu haw ihu beam miss on one turn mn.l 
be completely within the target on the next turn, Small angle 
scattering in a thin foil extending l^ymul thn fai*> «*f the target 
ns&ulta in free oecillatkins which produce a diSuso spot of ^v-eral 
inches diameter at the target on the next impact. Tu thin 
sense a thick target becomes uJTertiveiy m im the second turn T 
for 4i fraction of the beam. 

A wire target has been ysndflucee^fully without expanding 
or contracting the beam. This wire Is mounted m n dhafl 
above beam level wliich ran Ijcs qiibkly rulsitfd to turn the wire 
down into the center of the chamber. The Imam ir« diffuse, 
about 2 in. acrotfii, mud only n small fraction of die ions janhc 
the wire in any one turn. U Leri they do, ihtj crass -ei'tion fm 
scattering ia smell, and Hub ions continue to Ih? riniriemtwl, 
ultimately striking the wire many tinu^. In this way the small 
wire- will eventually cleanup the entire Leant. The efficiency 
ts estjrrmtol as 10 % 

Run-in target tiAve been developed, which rmi be thrust 
into position well inside either the inner or outer wall of Ihr 
chamber in a wry abort time, using pneumatic cylinders. The 
beam can then Ik? hjois tra^lerl or expand'd to hit- the target. 

Itegurdless of Use type of target used, a largo fraction of 
the bftim is scattered by sufficiently large nngfctf Ui be thrown 
out against the chamber wells during rhe following lum Thr 
resulting spray of radiation flies off the sir Lit tangentially* form¬ 
ing it narrow’ baud on the horissontul plane, wbcrv it impinges 
ajpcainst- the .shield or I hi- walls nf the room. TFn- target area 
shows the highest mt+maity, but about half the radiation appears 
to be distributed around the rest of the orbit. 

Tine basf# shield designed for the coamotron ia ?i Rtja-'^k of 
large concrete blocks of Sdt radial thickness forming an arc of 
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aIjcju! 120° around the machmc ceiH.en.Hl on the target locution 
:inrl InUrpOflod IxHwoen it. and the control ami observation areas. 
Four layers of blocks, well weighing 8 loins; form u shield 9 ft 
high, with llie top layer overhanging the stock to form a sw?rt 
ii[ inn hi- I between the magnet and the shield. A layer of 
I'm bn* k.- is Im’iiU'il Iw-r^r-c-ji ilic two irtMmS layers of blocks, 
mi l.lii? honp-onpil plani ■ of ihe In>uto, Chimnels «m la? formed 
between bricks to i.rausmit beams of radiation through the 
shield whore il»5ncd< The attenuatin'! of concrete for this 
high-energy radiation is measured to lx? a factor of 10 for each 
3 0 n. The lotal attenuation factor For the 12-ft tangential 
thickness of the shield is about I X 10" 4 , 

Scattered radiation of much lower onctgy ihan the pri¬ 
mary beam from like target ronies from i Irgmrljj I ion and twirk 
scattering. Only a rough esrimnlo of jls intensity was possible 
in advance, ant! no shielding wels designed spociSraJly for r-hss 
component. Ah a iNttweqUpiige of the high beam intensity ob- 
tikincd, The scattered radiation was somewhat esce^ive in the 
areas adjacent to the targets. Additional overhead shielding 
oF 2 -]"e concrete beams spanning the (argot straight section hsia 
rr dint'd the scattered intensity to acceptable levels. 

Eleetronir detection systems have specks liz;ed in the use 
of crystal Hi-inti Nation counters, arranged in telescope*, with 
com aides ice pub&u In detect the charged particle products of 
rearrinris. Willi ihefa 1 inslnmieritfi x-me^on interactions have 
tfeen studied from 2fJ0-M*v to l.o-Hev meson energy* and fur 
both positive and negative T-nieftCum 

Fatit neutrons emerge tangentially with energies up to 
the maximum ponton energy. Also, many low-energy neutrons 
arc observed, in if a? energy range around 0.5 Bey, probably the 
products of star lanrntion. 

Mumti intensity is about 10 per square centimeter per 
IH 1 1-4- mu (side (ho S-f r concrete shield, adequate to rmalyse into 
energy hands of chant 100-Mcv width for the study of meson 

I.. >1-.-: as ■ Hill. I ■'! . : i-sv. ln.ll:. 3 votive :i i,, I 

mcwiis arc available }n the direct hm ins from a target fat a 
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niiiiimiini iiiifjli' of IW 3 in I In- beam) Xt|Hlive mtADiis »1 inf>rn 
forwiinj uiit^lrK sirr H.rudyzur.1 uml f [cflpcb m I uuiivmiJ by thr I'nfr- 
motrmi muinir-iir lifkl l>» firmiih- n aper-imtn [)m> 

ni iln- impressive fail ui ihr H'osit'mi rnri is llir* rtr*t iif mr-xnn 
flmmii'ls in (hr dii.-M "fWHi \U \.‘him Mi ." Ill 

Bov," rtVfdlnblr fn-r mason exprritidents. 




i. II Al'TTIi 1 


Alternating Grudienl Fm-using 


7 il The Stability Prinrijde 

l lhi tiuigriMir lirhl- uhihI to guide patliek^ in ex tat mg 
jn'ri'li^i'M.!nns ant' urntngfid to provide foeuaihg fOften hy using 
n sjiluII nuliail di-ciw in iii'lit r Ltis de verified. in eau'lsur Hmptfr^ 
Tin- rs|iniirisE defining 1 ht I'Lkciiii) gradient hi in tlu? mngv. 0 < n 
< i ami Urn rfsiihzuit forming in tile vertical and radial (.'u-tarcii- 
na Nvs Ek weak, ru* illuMraled hy free own l la dun wavelengths 
w Ili^li iitfc- in nil longer than the tirtrumferential length ijf 
Him oi'hil. This is the maximum amount of TnagiieSii' ft curing 
prissihh 1 with fluids in whtek(In* magnetm gradient i - uniform in 
nrJmuih. 

A new principle of alternating mailieiii (or Htrnngi fot-iia** 
mg was diiamered in I In; -.uminor of ]^2 ni the Brnfjkhrtven 
N=i1 iitrinl Lsilmralnry hy < AMIrani. Livingston* am.] Snyder ' 

About six muni U- iiflor I hr original article wan Mubitutt^l 
n. Hu- i'ktmmi titriva- fur pobtical um ¥ il Wan tailed to our 
;1 11 1■ iilioTi 1 1 1[bi Mr Nichdius OuuaLofiloa r an elutftrieal engineer 
from Al.hu hud made a study of ieaoiiumxraeeetemtorR which 
inehnknl ille uhemaLmg gradient prmriple, ills privately 
Iirini r'i E rufjorl "Firlining Syutem for Ions ton I Klertrnns and 
Ap|]lir;iiio]i in MugriH-ie Upjk unmet* Pars id v Vrtylent I onT w 

hini'd UMl 11 is I'lear thid Mr. nirintolihia i Serves rirdit for 
slit' mrlietit f'latnuduikm of tin- pmu-iple. Il U nho true that 
Sin- work reported in lulVreine tvji h l> -|M'i h|oiii . 

Strong fomaing involves the naeol very mwh larger radii! 
gradieniH m tliu ItaM, of whtrh n in of \ \w sunder of bund reds nr 
EhmiiKiLtKlH Eriateud of ksH lhais iniisy. 

tuTK are alternated m nh I o be directed radially inward and raw fi¬ 
lm 




man kneroy AanKt.iOLATaitf 


I 24 

uEIj' miimis'i! in (fiiirtcsHinn aruttnd the orbit. QuittiUiivdy,*ad; 
is a magiiftii' Jfiie which is waive rgpitg in utie transverse cooitii- 
natt' ami diverging in the oilier. The n mill mans scr| Lienee nf 
alternately i«native ami negative fenues, tor Ijiitli cwirdiliatcs, 
resultfl in canverguucc for both radial and vertii;u,l displiu'emeuls, 
PurticleM jKirform owiiLfttioilB about Hie equilibrium orbit of 
ruurrb higher frequently ami much ranjiKer amplitude than in u 
Held of smaller, uni form n-value. The vacuum ahamber vim 
is" ninth smulliT, and the dlnoeffirioiiK of the ntuptiiei to pioduw 
i in- field are reduced t.o about one-fifth or ime-tcnth. The 
volume it t H J stored energy of the lie 111 are alsu reduced by lurjir 
far; lore. So the cost per unit length of the magnet to provide 
ihf." guide field und the ■ i-f its powtr supply are greatly 
reduced, Magnets of much larger orbit mdiuK, capable of ae- 
eeletulbg jwiri ides to much higher energy, f muonic eeunoinierLlly 
feasible. 

The discovery uf alternating gradient focusing xvaa pmp- 
ripiLutcd by a proposal by Uvingslun thjLt p iti I n liber nine rgy 
rmu-fliEned. of the ix^motron typo, the romped nmguehs should 
in- placed around the parti elc orbit facing; liitoruutely inside 
am I rxikfiide By Him iwjliiw, r-ffet-tt of borfc leg BaiUjJnitio[i ami 
Snngmtf on the rfmpe of the field m the magnet gap utiultl Fh■ 
nmrh. m average out, with a resultant huger awl mom usable 
mugiiptir apertim 1 . However, fn rorreet extreme variations in 
fringing field and saturation offsets which involve |H)sdtivf n- 
™iuo» for the sector® faring outward, the inward-lacing sectors 
wv0& need to have aegnlive values of it. Before meh an nr- 
rangrznent eoix]d Im■ utilised, if was tiered ry In iteU-miiue the 
flfiwita of alternately positive and negative r-yaIucs mi orbit, 
stability. preliminary thanrctical analysis by Cauraiit led 
to the ftbeii) smpriaEng result that the stability of free c.srlilai- 
tirm.^ was much improved by such alternating gradient*. E'ur- 
thsirmore, Snyder somi j wanted out that this wok um example of 
;t more general princip le—that of the dynamic stability derived 
Snijii rapidly alternating forces in nsimy merbroiirnl^ i ijjL icrjil t 
am] electrical sy§i ems. 
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An undoretmiding of this general atnhiiity priuripk tun )h j 
iihhiiiirH by i nnsideri ng first mmi* of ihe simpler mof?hfiniiml 
11ml npriml itpjriir;rtinnfc< Farexumpie, un inverted pendulum if 
obviously i trouble 1 mi Err static Forres. It will fill I over to one 
■ nli- with mu iiUuihistihtd lUspluf-enieELl from the x 4 A rt bub Hmv- 

I I T. i I (hr ilii-r Ilf rhl- JM'EM IlllllElM W I »S( b l3 Ijll E h r I nipilllv (Ifl mid 
(\u wn ilirmigii :l short jstruke. lh<- fHTndduin l>eronU k H sltdiie m 
i In- \*’xi umI [nidation fru* several brirnb of oydlhiliun fmfiietirU'H 
■ilnin- .i inniiEimm or ilm^hnliL fnHpencry, A l.hcnrntbid armly- 
,-is nl thr motion of afuA ilei inverted pendulum ia given by 
.Irwucr 1 The rc^ull b give 11 in thr form of the Mathieu equa- 

(1412)1us: 




air 


tide li- i* 


= 0 


(7-0 


where jf 7 in ( III 11 ratio nl the iiwctaratimi of gravity to the length, 
h ,.-7 in i he- rutin of ^illation amplitude to length, a is the angular 
f requeue y Jiiitl & b Lin- angular displacement* Thr plus and 
mil Kir i-igns Leprraent ihr upward Emrl ihnywani diforrtian uf 
miitinn of ibe oHntktinu, We. Solutions to the M&Hiiru fijnr- 
t i-- 3 is kIiov.' ImleuIk nf stability in * HpparaU^I hy uurrrnv unsinbb 

n-giiKis, 

Vn other nierhmiicfil wyatem whioh in frequently els n 
mode) in IlliudTuir thr tft&hUily principle i* thr aiiUTiiEtling 
trough ll in L-letn- Mini n halt will ml] along n runrave-upwartl 
1 1jm lp;I l. and thill Mny deviation*! in lib'i-elioti will. In- eorivuted 
f t b 11 |imily dear ihnf si hall will roll n]T the aide of un ill verted 
nr mnves tmu^h. In the intermedia^ mne of a Rut plane Hie 
riwtiU depends* solely on Hu- pro&siou of aiming. The ziil 4 a f- 
siiLtiiur I rough i> IWmed of Hiieeemivr, rqimJ-length section* of 
i ! (ui("ive mid nmvnji trough, with the iTiiterluieH nf nli wvtkm* 
;■ i thr iti11■ level mid forming jl almight liinv ami wiUi Htnoatlily 
n 11 tidi **) i r - lum i i i n i aeottmia Ik l i w*icti. For ei given # Ometry 
friulmh '►! mrvsitiM'M of thr t rough, length of section* and H^puiai- 
linrihi I Km- i • - will ii ratigv "f vrinfitieu wiilnu which u hitll 
ti*lling along ihr trough will jK-rfoini utuhle tMkrilhokmtf with n 
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limited maximum iimplinulc. Tim stability range cun ]k> ■ lc*ru- 
onstmlod by rolling tin* lift 11 from different heights down an 
ixuilinfcl plains lo ipvo it a start at one cml The oscillations 
are periodic but not harmonic. The shape of the (lujcjetory is 
a enrapUcaterl mm- which repeats itaeif penofticallv, I lie wi ve 
form depoiiding on the phase of 1 lie motion relative to Him 
trough periodicity, Even rather with; deviations in the angle 
of injection of the hull at the atari result in pull is which stav 
wit bin (he trough, for the correct velocity. The pat tut are ipihc 
similar m the orbits enf n particle hi an altc-runtiiig gradient ftv- 
efilerator, if they were to he unrolled into :i strniglil line. 

This Httmc type of stability La Hlusl rated in lens optics. 
Consider the well-known etiuatiun for coiupot Lim the overall 
focal length i’ of two thin lenses of individual focal lengths. 
/, and ft, which are separated by a distance t: 

l 1 , 1 t 

/«/. U ' 2) 
If we take fu-oid lengths nf crjuitl [uuKEiitwJc, hut fciih tme ihjii- 
vergingimd eue dh-ergmg, we hnvv f 7 = -f t , urii.l we find: 

F - I/IV#- (7-2a) 

The; cnvnhiiied focal length i.s positive (+:oiiverging) for -iiidi n 
[mir at tew*. A fiknikT result re nhtuinrd if the Imses »re 
ill irk when Him <pun ng Mween them jh suitably del him* l tim [hr 
tiifslimep U<tweeii priiai i] ujI phiru.^ h am rfiiv-vn, further- 
EiMinv Unit n >'anfiiiucrtjs aeqiirjuT of posithnj imri negative Hitse* 
nf equal fai-jil Nsglh w-[|3 lie- eomergiri^ hiin..f n l> the equivalent 
of ji Hpqucfice nf m river cent pairs. This sequence xvill Ih? eon- 
vergnir if the depamrion Jxltvwn fucyil planes of wnrce^ivn 
!™*» ti is in l he nuiRie - 2F < d < IF. A unification of ihi? 
principle is used ill the design of periHrupes* 

^till maw ilifnmuitinn nui uhtumed from Else spinal 
nnjiiogy. With a sequence of alternately posisiye and negative 
uptirnl leiL^eri the my? Traversa the eon verging i mil h he the 
greatest distant from the axis, T\m ia nfien phrased us optics 
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h,v l In- HkU^iurnt tli.il I hi positive lens in the iifs-rlmr stop, 
I I ■< nnguku dr ;i i mi i uf ;i ray in l-ravcraiug a lens is pmcjKar- 
Hmn:iI 111 the dislimrt* In mi tilt: axis. Wo the dtiviatkiii in the 
i'inivi-s'i^wl rompoi cents will evcml that in Lh«, divergent ones. 
Tin. Eu-pjn htiI hMil in the general remrlusion llmlan idtemut • 
ing ;n|iii iin ’.'.ill !«■ iTimrif nl fnr jjpzM'kiiKu ilk '• | > hieh the my 
Ill'll IK. E (I HE’S 11 Lit ITE'KKW the rLSl^ 

7.2 Nil' A-(i iVfllglUrt ir Jj-ith 

Wr nov r i ■ s li ill in tin- problem uf magnetic fonaung, 
A Hiiiglt' region of inhomogeneous magnet if field which produces 

i'iniM i^i-u.t i if ii 11 ion liftin'i ..plane will '-iLU.se divergence 

iil the pi mu 1 ' i l I right : u i u; 1 1 , I r i other vords h a held which has 
:\ lieli I uin lii■ 11 1, dll y (h |ji oiic plane liiuj ee gradient, dB^/dij in 
the same plane which is directed normal to the first. He di¬ 
rection uf this Associated gi-ailicni is *uch an U * produce a fo¬ 
cusing efi'cet opposite in to that of llie first field. 

E-ni mir purpose r and in order to Analyze the uffeetfi musi 
simply. il is helpful to assume that the fivo trunisveroe gradients 
are ripm l in magnitude: dB M /th = tW L *ltj / Thfe situation 
cxisrs in livid lor which 1 1m- nmipouehta tire given by H, = fi 
(partic|e ilui-riioji along the ir-ftxifi, H M - Lz t and H : = hj* 
Surdi it field can he uhrained by slipping the pole hv.vn sis rev 
tangnliir hyperl'mln*. illuxlruled in Hg, 7-1; t he four hy rn rue t rival 
poles am arranged in hi* alien lately N a ad S f^te. To the 
extent that thv pole face* remain magnetic- cpuipoUmtiaK the 
Held gradients are of equal magnitude and ari« uniform llu-ough- 
rnit t he entire volume tat wren pok*. The field r* rare along I he 
* jixi> in ffiM’l i 3i L-pnle magnet uni I Iwifl oppose directions un 
I’iilier side nf the 'enrer point. It is clear that, in ime tmuaverae 
ith animal c\ deviant particles will in- fomaed about the ^-Eixia. 
Bb liglufonvard application nf the vector rule for direction u\ 
the fim-r mi a moving charged particle in tills liekl will show 
that partii-h-H will lie defneuged in the other Ufansveree Co- 
Ordinates 

A single, short section of held tat ween poles of a tpole 
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magnet of length l will un m a convergent kma in out 1 plane, 
vrith rt foratt length / m paw mid frum principal. pttiiiu lucato] 
*fc fi distance ^ intdcte tim phjnriciil boundary of I In.- Meld. Tto* 
lens wiM Im? diverge ait tia the utiur LtfetisverEe plane, with l!n r 
siimr focal length (but negative) measured from un eqnivoJenr 
printiipil plane, Tn miritiUiii the uptitid analogy, it i* impful 
to express these distanecs In iruus tit- tin? nuignel in pro|>ertk j s 
ut the field and the properties of the beam of particle^ 

The equations of motion in the I mils verse cooidi nates are 
giv^n by: 

E + Mf*-" w S +!i ‘-° ^ 

~ M if 1 ' 0 " r jp - ° <7 ' sh ^ 


Fin. T-1. Fqiif- jptfLv maamjt provldilig uniform 
niaKriPti<! gnuJitinli in 9 ko-l] i t.r&nHVeme coordtiifttea, 

Thfl polo fiU't'u are simped to a rflrt(iu]fuliir hyperbola. 


AI-TKIlNATi: (iflADIl'LNT F(KT ! $L\« 




'Hn' c'fmsLtiuL, K = f 1 /mu in: rNpiyssed m words 

.jj; tin- I'l l.l jd'Eitiii'iil divided l»y [.In' moini'iitiim |«>r uilil charge, 
itii'< mi' V Ml foe il particle moving in u cjmilnr orbit in n 
ii-yoosiip-I ir li<-Id. These twfiiiilnrtis mn hr solved for tin? tru- 
ji ■ ■ 11n-y iti tin" part isles id give 11n- focal constants of llie M« 
tli'-Ht-rilM'il ill mj vii ns: 


1 - cos K w f 
' “ fi' ls sin K‘>-1 


(7*4) 


^ K' 1 ' sin (7 5) 

'in continue liwi analysis, u rumijound Ians wliicili iu con* 
vrrgom iii l.i.ih transverse plants can Ije formed of two units 
m with tin- second rotated flO* relative to the first, 

VW ii* /V i hi ii I A' : for I lie lens (Wistaulu nnd Ji and /, fur llie 
lengrli-H i'f the two units, with a physicaE E]wirjng J between 
ih-m 1 ni-iTt injE tin: values idmve in Kq. 7-2, w. find (he 
overall focal length of (hr puir of units to be given by; 

ii • A"f 5 SI f] K I 1 V| ms A '}'% + K i 11 sin A'J V, cos K J' % 

F (7-fl) 

- dKY'K'i 11 sin A'!'**, sin K\% 

l'■"]' u sample example wei cl muse two identical Jens units, 
with A'i ■ = K and If = U — L In this case the equation 

for fmid ItiiKi-h reductss to: 


l K™ (ain K m i cosh K m l - sinh K ,n l cos K m t 
F (7*7) 

+ dK m sin K u *l sinh K' n t) 

Tim niriilil.iun thiLt iha tens uyatom be* ccmverg^ril La that the 
mourner it A' 1 ' t be positive and nut greater than some value n[i- 
[sreumhiji^ r, i lc;|HTiiijiLg on the magaHude of the separation dia- 
tniirn d. I'lni-H, iJse Jeua nan foe designed for any d^ired fneal 
length by auibihb choice of K m l and d. In this simple eaae 
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wlmre K ami l*ti me the- focal teigtlia a re ■*qlml for dis- 

plttmuenhi in \mlh the xy and jz planes, as tieromes evident 
when —A is substituted for A in Eq- 7-7, However, the 
locations rrf the principal phne-s will differ, depending ati whether 
the initial urinm m cimverging or tlivetghiK. This leads to an 
risiigmctlte image hi the simple i/juie assumed. The astinmatism 
r*im 1 m" ttinwtad, a-ful the two focal pin lies rriijjerini posed, by 
flight modififcatioat of the pamtne lera p stieli as making h < i| 
nr hy operating with n K-slightly smaller m magnitude than A'i r 
which i-jiii Ik; obtained by dcr raising the Mux density urnl hence 
i hi' Held gmdtaut in the scrand unit, The double farUMiig nf 
(hr com penna ting lenses j« illustrated. in Fig. 7-2, showing 
jillemativtfly divergent and trruivergent forces in the two sentiuiin 

A lens tn »n T b the above purpose r*n lie huilt of two 4- 
pob nmgnnl.4 unite with hyperbolic pule fanes, The uptiriiig 
I mu ween units out In- reduced to tluit Mec&inry lo acconu^odittA? 
the magnet windings. The effecstive nurture of surh a loti* i* a 
circle of diameter li = \/'2tf T where u is the sparing bn ween 
nsnli'ns of die hypcrlwdir- poles 

A simpler relation for computing focal Langthft ran In- oh- 
(itmed from Ei\. 7-7 by^ptfidhigm terms of the argument* and 


Fm 7-2. Doable foouemg Uy a pnlr of matched magmitir lau^Cti 
in which itws sense of the mftfinplir ^iwi'Nmta ih reversed 
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utiJy the hrsl -liftTiiflcunt Irrtn^; 

i = A' s i’[(2/3)/ + d\ (7*8) 

Ah ;i umueffioil exmnpJe, let ux dimgn ti llh tn fnruh fini- 
If>iih I-Mn energy, which have n inomerituni Hi i 1 of jlIhjiU 
IM r< gstEiss im-bes, with h magnet in which the aperture a is 2 in. 
;iiuI i hi 1 maximum field ari'riss this !?-in_ gup is HI kjlogftUtiH- 
'Hu field grudienl tilt Mu = dl.i/th = ItV 1 gniis* inch Sup the 
VOIlsIfMLl H — IM If we rlliK.iHe A' 1 = ir/4 Sind ;l Kpileillg r/ 

of 2 hi , the length of cadi magnet mill / m 2_f» in., the total 
lentil is 7 in., and the fneal length computed from Eq 7-8 
4.4 in. Cb( jin 1 of si smaller value of A' 1 7 wit! lead lo shorter 
rinit!iii'i- arid Longer focal lengths. The focal ypol can he imwie 
slusH iujmHm by varyi or the exciting riirredt m one of rhi' units 
relative the hi her. Longer foml lengths run hr obtained by 
r*H|i|i'Emj. rhi" current in I»i>ih windings. The ortiginatif 1 |iru|h'i'ty 
uf ili»- lens run Im utilized in special cases such jif fnrusing the 
eium-getd ln?:nn from a rydotraii, which usually is narrow in the 
vtTi i* :iI dinediuti and broad nidudiy* and UitKfllf astigmatic, to 
ohhiui n [ituni. foeiir 

l iknirie iirMn i-ari sibu In- used io produce the ullcmat.ing 
m'ttiI h■ r 11 !-, -ih war 11 -?irii 11 1 oul Iiv Rlrv.ptr' in u I'umpaiiioTi paper. 
IhlifoF'Hi upitI equal Hi rlrie Held gradient ej l i■ lie produced he- 
I'lHir i-ler trades which sire sec Lions of a rod angular by- 
[Mn'liulii, in which the clErfmdes are miuiprrterl ullcninbdy to 
pot eh Hub nil' and \' The elec trie field Iwdweeu eks 1 Erodes 
has l.hr shiT ie |KiI Lem sts i li+- magtiDtirr field itL the ■l-|wili‘‘ magnet, 
aid 11n ■ hirers -m a iiioung charged piKiflt- lend to eon verge nep 
in a iila.hr nl 45° in I lie hyperbolic sixes and diverges ice in ihr 
piTiKULdiiuilar plane l,d the gHMlirnl* lw given by = 

i id M ihr vekwil v of the parlirlr mil lhr 1 .r -direr! inn i 
h- /■. Thr [myrtle* of the letiB will in 1 given by mihj-ititELting 
-I at till: rf jt for dB/dy and (1/p) dE/d& for djfifdz in the mag- 
M' 'ii 1 lens formulae The momentoni per unit eliorge (BR in 
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the? magnetic uuac) e& given in imns of the- kinetic energy I’ 
and rest energy Jf n , jib: 

>«»/« = T(r + 2^,)*%- (7-B) 

« 

A handy rukvoT-tkitmli in \hr mks syst<-rn of unil* i* that the 
tniniK-mil magnitude "f clr-Hric hold gradient luunt In- SOO time* 
larger than that nf the mngticlic held gradient in produce the 
mmv !Vh-;iI propertied, 

Bonn- "f the me hi. useful ittit io i nf tin- ultcri :lT in^ 
gradient foeij.sing prindpte aru in the use nf such two-unit Icnaca 
to focus beams of partieles in the UUtonUory. A simple demon¬ 
stration can l*a arranged. with u '■ath'.wJ^ ray ml.»r hy mountink' 
two a ua of 4-pole rolls Hu the nork iii Lhi‘ tula- (with without 

ire... \ ant) adjust mg current * and coil .inmULtim^ m 

proriuc-p ti- point fcm.-ua oei the wtuiue 

7+S The A*G Synchro t ran 

A sequence of alternately run verging and diverging mag¬ 
netic lenses uf equal strength, properly spaced around an orbit, 
can be arranged Lo provide strong restoring fort'os for displaiv- 
iueirls in position or angle within the orbit. This strong ftKurin g 
leads to free oyeillnAians of higher frequency, shorter wtwkmgth, 
and etiinllcr amplitude than for a synchro Iron with uniform held 
gradient, SynehrolM.ni oscillation amplitudes for a gjyon mo¬ 
mentum ilisplurelneiii :ue 1 also rvdU' j itl T whiHi niU A 1 . - Lite u -, 
of much firmdler (fiat- vacuum chambers imd nf smallm ami 
cheaper magnets to produce the guide Held. 

The magnitude of the focusing forces i* directly related 
to the magnitude of the field index, u ( r//fi(d8/*fr) which 

ran 1*- made very large if el Hr mating grin lie nr* :tn i used in 
proriuw stability. Let tin- rin-uhir orbit ronsi*! of V -c-lors nf 
equal length with different value* of field index, iq fpnsjtiviA 
and n- (negative) iri alternate aedur* The equations of verti¬ 
cal arid vm hid * Ha(loti* i See ]y |s, 2 -1 2-2H ii l ( 1 hi l p 2 \ an 
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lln'ii: 

■ { h- »,.■ 0, '[[ + (I — >h)r — A (ml'L sectoral (7-lOa) 

dfP I it? 

+ n-i. = il; + U - »*> - 0 {even ttwtors) (7-lObj 

SiihiLunu* mu In- iibiained by the use «j| recursion fortnutaa, and 
ju>‘ ul i In' fnrrn: 

Zi - At*'*'* mid Rt - Bf** (7*11) 


whi rr I In' ?■!m*CTV i■ iL“ifct p r w given by: 

w 

irctct 2wm 


2m% 2TUi 

- __ em —- 
N N 


tii + «a ■ 2rni 


3 i'l 


SLII 


2w?h 


ui 


(7*12) 


N 


TIi.' r.M-ifn iC'iti |i, m given hy the name expression, with n, tmd 
U-. rt^iln-x'il by (I - n,)jirnl {1 - lit) respectively, Tithe motion 
i, in In si ile for Ixrtli I'm I in I mid vertical displacements, the 
|LiniI n mi* established hy the conditions: 

— i < < !, — 1 < eoa 2»j<r < 1 (7-13) 


I In- ,i- limits have herd plotted in Fig, 7-3 far very large values 
ill ilir ir* juiil of .V. and the coutdillitte* art' given in terms of 
Mi *.V and ft : ,Y\ Flic range of *taMc values of n is widest, 
wlirn V l,- large imil when in = —fit, arid the center of the region 
hi .1 ability (cos 2 f,u - 01 rxicuns for: 

I n| - iWl 6 ( 7 - 14 ) 

The early results" tleaerihciL above led t,o the hope that a 
■ rinLi | I'ciiimii iif stability would be available, and that the pre* 
roaiiiL m magnet construction required fov uniform gradient 
n.'h rot 1 ‘lkis might lie side stepped by uso of this principle of 
strong focilBiug, However, further and more detailed am* 
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i'n;, T-'i BtpiiilUy tliuKrfiin fur mi itln:il rtll.ernjftijit: j; rtulieii t 
PH'f«Ifi i , b(,i*i, t'VHU'ilihJlIfd urf) in Urmia ul ri ft* whom h ig I tin fl - V nlui> 
»lni .V i* Llif* ii if nil ip r uf ftamflitu: UnUa ;ij-iniml <| H i ,,rl>ii 

skfeiUtioHH have inntiiiii'ij thijj hope. J, [), Uwmrri iUmI I’, 1< 
Howard at the Atomic Kueny Iteseiirch Efrijililietidtoqt :i | 
1 [unveil. Euglmjil, who were hived igtiliuL tin inability ni 
114MK this fotfUBitiji |»riiii'ip[e fur tite t!Ei£N r (Western IiiimjxMit 
IjibaratoryJ higEi energy uceelehstdr, jmiiitcd util the prnhjem 
of n'atmiuuio buildup of ostiUm ion muplmide* |iu^iiile if I ho 
fflBtpiency »f betatron oscillations is an exiu-t n uliijjle *«f il„- 
ilequem-y m revolution. II -n>. the IjoiaLrun cir-Wlhit.iutip wnttlil 
n*!K‘M in phase Lji -hiii*it>.hivi' revoim mih Any /i/.iiiinlluJ in- 
hortWEeueily, stieh its would result from slight iiimi ligament 
of ii magi let Hector or a bistort, ion of lb,, magnetic field, would 
uKeilc oscillations of linearly joeressing magnitude. CqJcuI*- 
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hi ML- 1 11j',V I hill ;11) i'lTUt Elf 0 _E )1 ilL COUld ! 1 ■:11 1 to of Use luvilu 
id r fiiiti ten ri'Vfitnt.inna, if t Ijc* frtM|U enrich Were in resonance, 
fur I he wut'hirn? <(cficril'JfHi in the early publirulitm. 

Tin nuinkr nf poadhlc I'csnnuncp-H within Hit 1 stability 
i ih'ptnnlH i-rri rbr mimkr of liciatruu wnvelfusglhfl Around 

\tw orbit. This, in him, ilcpcudu nti the ra-viilue ntid iht* 
hiuuWr of wiHitnrft V 1 or the large \ alucs nf n and V uriginnlly 
rum rivi'd, Ihe freqiiniuiy of krtulrnh OH-Uhlion was nhnut ^ 
!iiur ^ ili«' orbital fmjuein'yt hj (hen* would la- "sb I«i intriin tmvt** 
h i u,i U |3 »t rpvnhitiuir In under tu frtuy safely ktwwiL rean- 
itri iin^ j 1 would I m* necessary lu timid lain ihu n-vohiR constant 
I-- a nli:n -Hi-Fi 1 '--; Furthermore, u liable ^iip-baud* exist 
■■uuNdil liiilf-iiit^^T'al valium of 11n- mmiljer nf bct-Unm wave- 
Si'itfj^i ii:i, which lowers the p^h-Mou raommurnt to below 
l H.iiV-n. Such i■ ui i^fiJeftili oejh Lave resulted in redlining the 
vuhti-4 uf Fi and A whiili cart Ik> Lirnl in ihe oJurnating gradient 
■ yin lirnl run 

Win *11 the ^ability l I inn rum in ■ Li-awn f-ir finite values nf n 
jiiu I A, u-iLh I lie reanitaintttf and stop lamia inserted, We find a 
■i niill hut jufJeqnuU' ! l lji lM ii j i mJ 1 " representing the n]lowed varm- 
rinns I In- la iUii^ruh'd in Vi& 7-1, taken from the Cambridge 
SiU'ty , 1,1 i isnl um :ui tt-value of jdnint 310 with A' = -IS 
dnuhli- j . i r-. wliHl nwlk in ihvw I wing idjoiit 7 betatron 
v.;iu *U 'ti [j, 11 j - | ier h L n i 3i rc fu I L> i t hv * ■ r I Fit. T he Jil L j win i viirhit li n j 
in fj-vjilun (m utany within |he stability diamond Is about ±3% r 
i l viline whii'h vnu !*■ nth Lined in pmcLii'c if suitable coiriipfmpat- 
11 in IruH - j uhr| winding an- used. Such u propt^setl design is 

..In? rnneejit of jnaintaiiiiirjg unifomi maunetie gradients 

iuMJ w-vjJtifta iu tlm »Iti?mating stn'iare. The draign fftndies 
d i^'fi \ K'tl heJow u&p ihiR prini k ijile of niiiiorm gradient atrroHs the 
nfH'rhiii . TImnii'uI] i’:il Ir^itnientfi involve only linear leone FfFr 
huvJi a ficliL 

<"S t fu‘i' t hi» Krf■ lhi n l si i u I ie^ ore i i l prtFgn-e« a imlyzi s ig 11 h ■ 
iLuuliiN'jir hllVi'Cs to see whe ther a field that isilcLiheratdy shaped 
in fji L t.4■ :l "liLdient which vtiries uvihjws lire apertnn 1 would resiilt 
m iL.il.ili- orhila. rrelirniuary results? \\mi umlcr et-rluiri 
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*r -jh ' IV*tl 

Firs. 7-4. ilibghkln inr a |>ractkn[ 11 tic rn.it inn rtnji-nait 

nyndi mi rmi ini'tmlmp; fche ^fTcptft o( orrni k zmil IntLDiijof^rKIE \i't* . Oriiis :.l 
nififimunneia nlfcti htr.ijj Imiuh itf* jtnirc-Ml i» I \>y I lie- dingutiol lirip* fnr w 
p:irtM?u1rt.r cUflo. 


mm Hi inn. 1 ? sudi noiieonstsiut KmdirTit.is miu^il lx 1 hdpful in 
ri'ilni'tiitf tJic buildup nf nsrilhlton nrapliiiiih’K din? to renoiiiiin#* 
nf t.iio- tyjie iWtrihcd Above. If t)iw ivsuU# prove valid. pole 
ftt-'M TOidd be ahnpcd rlNTtwidly, jmrl lit.- limiUttioiiH on I lie 
stubli- region dtmnrihfd jlIhivi niiglil f.c lifunf 

Syndinuiatii rt ability is mtinl^ud in the fiUemuiinjt 
KnstUcnt nutdhille. The rnoilifiml.ini i if that tint rdnlmci I*-- 
t«m ;mrI ii’It' tjdrrgy and lint riirumfoiriinr nf (hr equilibrium 
(trbil i* chuuged. If the momentum of a jiarfcirle «lifters from 
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rnj. 7-fi. urblta For jiurl.fcliMt ik viaLing frum fi[|ullibriutn oiiergy, 

iUt tjdiir :i1 ilit? central rimiltir orbit,, the new equilibrium orbit 
lh mi loai^i-] ji idrale, Imt m a periodic alternation of harmonic 
timi hyporholie fmirtiimrt KUpedmposed on a circle of different 
r-qililibniim radius. The urbitu for higher-enargy and lower- 
eoorgy jmrlidisfl lIjjl n those at the antral orbit are illustrated 
in I• i li. 7-o, in which the curvature of the oenttul orbit m neg- 
leWed ho Llmi it appeal's as a straight line, The dotted lines 
! hnninil Use dittplatml nrbiLu represent their mmn radial pwi- 
tioim ]f Uu- gradients in the two sectors are equal ami oppo¬ 
site, 1 lie ■ i'■ erage held along these dotted lilies is the same ;uq 
(hut id ihf mitnil orbit. However, the average Held along tlw 
urhuii dmplnml urlrit for ihe upper carve feoei^y excess} b 
liigher than ihut of the dottnd line m both sectors, and smaller 
in I mi 1 1 ayi'h'i'H fur Ihc lower orbit. The ciruuinferential path 
length fur the higher-enorgy par tide is also longer than that of n 
true circle, Accordingly, the spread In mean mbit radius as9o- 
da!ed with a spread in momentum is smaller for the alternating 
gradient, fields. 

The compaction of orbits described above can hr repre- 
H'lih-il liy tin- relation Wtwccii the fractional change in orbit 
fimnaferenue and the fractional deviation in momentum? 



(7*15) 
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For out special case, with n t = — « t = | n [, the factor a iu: 


7 , _*,OJ _,IJ! 

TTti , Ttt 

“* h_ Sr 


cot 1 FU ,fl 
~N~ 


(7-18) 


At the dealer nf the stability range, where « A^/LG, this 
exprestrioti reduces to; a = 1,85/1 n ]; « 0.01, for (‘mmpie, 

fur u ^ -ISA For the ermvmi ionnl synchrotron, on the other 
hand, a = (l — n )~ 3 ^ 2 , 5 , 

Synchronous stability w governed by the change of the 
|jeiiod of revolution with momentum. This (lewge van I#? 
expressed in terms of the change in nrbii ruvu.mfcrrti«e ±L and 
the change in velocity Ac, us; 



Iji the standard synchrotron, with small and uniform it, the 
quantity in brackets is ubvays poritive, anno the relative increase 
in radius in greater than the relative increase in velouity. Hov, - 
ever, with large gradients the quantity « is small and the 
bracket iH negative fur values of E less than; 

8. => E>/a m (7-18) 


For U < E r the change in velocity ooceeda the cluitige ill orbit, 
nulius, iuni the particles have stable phase otrillutioiLH oit the 
rising side of the voltage wave, as bar the Hynchrunoue linear 
accelerator, Fur E > E t the normal typo nf ayinshratnin 
stability exists an the falling ride of the voltage wave. 

At the phase tmnsitiou energy /?»the imrithl of ivvnlulioii 
is independent of radius and nf energy, and ayuchn mints stability 
disappears. This is the condition for cyclotron ivsouaiu-*'. At 
this | joint, tlie frequency of synchronous oscillation drops sharply 
to nero. In order to avoid hiss of f ho (a>g.m si Hib j.iluwie I raltsi- 
tioii, tins pliase of tlie applied radiolmiiKmty an vl crating volt,- 
age must lie shifted so the equilibrium yhfou 1 n-Tiglc for the 
particles moves from the rising t.n the falling aide nf the volume 


altkkhatk ouadiext focusing 


09 


wjivr. .:■! | iJmse jump nf uboul 120°. Iileu trot lie device* tu pru- 
iih- ■ i l i 1 1 1 n phase jump an? pmetuNil, aud zfurat designers Udiftw 
UjjlI lIn ln-arr will traverse tlic- phase tmbitkjli without Serious 
IflfiS, 


Phase t^eilluticjii frequency is given by: 


„ EcfeY coa9i /, J?.YT fl I, tfll 

»-sr 5 e *V ••eJJ <7 ‘ 1B ’ 


RrftwiR Wn m this ease 10 the rdativiMtir maximum partible orbital 
;i nl;nI: ir I riM[un iry., V is the peak rf voltage, is the stable phase 
iLrip.li iii ■ i;f11>- ehu*pn ua about 30°) and h is the hamonio "Her 
of i In- upjtlied Ti tVeriin-nfiy relative to orbital freriurney The 

..I r 1 1 Lh phase oscillation frequency varies from about, 

w I Mr; ;u rhe ^ r: l it in (UWN'W/i, ;ii maximum enrrgy, varying 
*orunvhut with the indm'diml parameters of a particular 

fEJJlHliTM\ 

Plvi^i- amplitude depend* on the stable jihjifie angle, 1 i 
thiM angle b very smut], Math the average acceleration small 
r 11 nip;ired with the peak applied Voltage, the ?<ttibJe range i* 
nearly -V radians. If the applied voltage ( wire the nvrntge. 
value required for anrriemtifttL, the stable phase angle is 3fl D . 
AI HS f i In- ;i crept anre i^ alwmt I. If radian*.. so slightly over 
h: i I nl .i imifnrnily distributed ring of ion is in the orbit will Ik? 
ruptured uni I -ri into phase oscillations. Phase amplitude i* 
damped i luring rueelemt ion T by ;i loial flirt or of a bout I. so 
I In 1 applied voltage nxeew? ran be derrr:fcged 1 stable phase angle 
in--ii :i:-ed! during ihe Inter portions of the aredemtioh ryde. 


7.1 Ih-Mgu Simlit-^ Fisr Multi *lW-t Vrwl™tiir i 

The n duet ion in magnet cross s^rtion ami power require- 
mei.U-- j m 11 s ib I p by uf She Rtmng-finailing pritieiple makes il 
eeiMLomieally fr:u4h|r to build murk highrr-ruergy accelerator 
mi t he some rust range us the eosmr.itruti and bevntrun. Present 
eal i mzi 1 i k H suggest t h;j r mrn hi ues wit h it t imes I hr energy of t hi ■ 
exiting pfqlori synchro!nuns ran In 1 built for aboul the mnw 
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(KWt- Further developments may make it possible 1,0 reach the 
30- Lo 100 -Bpv rung? evfmr.iiahy. 

iJraigii studied in phi^r+^.H civccr a vide energy tangi Tim 
eleetruh Hvodirntnto m (Wncil t'utvrraity is br-mg adniik with 
smaller magnet and drger radius to produce l- u* J-Bcv dm 
U'fin.s. Alternative sct* - if fwile tipa art planned for u uniform 
gradient imuhine mndEar hi tJic: costiinLrori but with rmn'li re 
I hi ml aperture*, iirnl :i I h-iiuO mg gradient pole tips hi leal the 
JJffW principle i'Jss- Suchy LnburriNiry nf i hr- breach Atomic 
Energy CoDUniarfon is planning a I 5-Hav proton A-G arcdiTa- 
hsr fa- test iiis a principles and m it model for higher-energy 
mirhhivH. 

A design group from the staffii nf Harvard l r ni varsity and 
Murawhudclta Inatilute of Tnobiinlrigy hi (Wbridg*, Mtirat- 
fhuaettrt, luu I'aniplHi-iJ tin- prdimlmu y design 411 for a I(J- in 
15-Bev proton xwodettitur Tim is fi lime* higher than 

the r^notrrtM maximum and w-uiftl fie in a HrienTiflnnlly in- 
iereating range. Mare recently tWfc group haa prepared a design 
wfeudy fur a 5-ltev electron aynehrotron. Another design group 
aL Princeton Uriiveifcifcy i b invesligulitig alternative principles of 
magnet design hi produce focusing nrtd uf technique for radki- 
frerjiieliEry acceleration, also in the 10- to In Bev energy range. 

The European Caimi-iJ for Xiidenr Research iCTIHNj is 
mnking plana fur an ahcmiitiiig gradient proton synchrotron of 
jilm-ul 2,1 ft v. hi lie located in B.he neu lahurnt^rY In hr built 
near Geneva. In the firaliniintiry plum* nf rlerigfu groups were 
active in Bergen, Copenhagen, I‘aria, thi* Hamuli AERli laili- 
ontliiry in England, and m sevitml either Eiiruj^aii scientific 
■ enter- Hr Odd Dahl, nf Norway vv:i* rha (lim-hm oi this 
denign sti niy. A»<if Oc:totler, I95,1, i lu- at u fT f n ■ tian t n nswem I Jo i t \ 

< leneva, at i lie Institute nf Physics tif dn- tJiiiv(a>i1 y nf Geneva, 
to prepare design* fur the new laboratory. Till* effort rrpre- 
Bcnt.a n musl prninimng f>p(sortiniity fur intcmat{r.inat ^dentifin 
cpopcfmtinn T sunl iht- restilta will f>e awniu-d with inlereat. 

At the Bmokhavoti National fjiBnratavry, where the prin- 
ripte uf alternating gmdient focWng \\n$ inhiated, an iiitepei^, 




AliTttflNATli GRADIENT FO€OSING E M 

l<iij^-niJaui- jirfa^ritm nf iln+ign I iso Nth NlnrHd A iimv >li ivishm, 
Mil! \v *. Inrutiir I h a trJi ijniirnl Divit+lon, which iililiics the * i x- 
lw‘i h i - i • uf iHimy uf iN- i^irfniiilrou fm- I-• -n furmed 

iimNi Mh- HiiJHi'vitiifih «ii 111, L J llavvnrth* Dm-nUir of the 
HrruikhffcV^ii^ N^liiiital Luliumton, Thr iiiiul energy goal lias 
Lhm-m ehnMiii hi N in llie range of lifi Iti T-Sij Rrv ’rtn- 1 - l ‘itili'd 

Si.iH--, Vlrmik Knnrgy t'lunmi^imi imu ..guiied Uh- impor 

!ill'll i- nf iIn- hi^miwf^v iwtii'lr Itch I by HiNfuLiziikg the dt^igu 
idiidie* ;it Hniiikh;ivs , n F imd elIko tJnw id t -amiiriilgi* and Prin» i-- 
tnn, 

\ -i mug iifcl»--rL“Hl in tin jiEtemutiny gradient ticxtLemlorhas 
; 1 1■ ■■ • developed in Lhe inidwcuterri t'Eiited ^EiLlm*. among ■ f11n■ - 
-;imi ilivr*-- of the Universities uf Clihago, IllinuiB, Midiigno t 
\Vu-:i- bH irtUi^ Miiuie^ilu, luvvii, liiwjt Stub 1 , Indiana, wild Mu- 
A rimin' N i l i mui id Ltd n i m I - try , Dedgn i ire 1 < irgatit tiui iorml pi an - 
min; m ill tin- mrly ntugwi* with all indication that the desired 
s i aii"i icv will Eh- in the- 2U-lfev region. 

TIHh wide uiM-rent imd Jiigh h-viA ■ rf nrlinty iu design sug- 
m*s| 11ml a new nth-gory of uci^femt-OTH nf mm'll Mghnr energy 

Ml,til -•■hievi'd to iJtkCr \n !u N- exp^-ted. 

Tin- '.enil itt j Hiu.ii Miltdil H hnvo ul ready resulted in :i ft'w 
:U tvnijkiH Ui mitli-ipalT tin- enginefiriug prnhfcniH of foofitrtuition 
in id u. imnlirt dimouxifmJt liud nifa-T basic panttnistcra, The 
m* - ^ 'NtailKl of > It .-ip;n hI udirst in by the Cambridge group 
for it 15 -He'V sMTi'lec&IU , .ir/ > Mure genera,! ptudlfft al Rruukluiveii 
I lav i- I in -► -« l nsi*d in eHt.iiririte I'rmBtriJist.inn rnnlfl lor manhiiieEi nf 
K 2! fit)-, .'hin I IlHI-Hi'v fnrrgy- Tentativi- purumr-l *ts 

lm,i‘ ill ho Wn rompntod by the OEftN gruup lur 2fi and 30 
lle\ Xont> nf tJiiisc! yrt Nth firwiiispd by detailed rompticn 
lionniir engirii^n np and numv dniiLges ean Iw anticipated 

brloi'r innyd,runt ion N-giiLH. 1 ImM-vri-. rra'laita KJdunoih feature s 
mid uriimul i!onnlnHiwnJ3 arr^ lunnkming rvidrttf:- Ttio^e mu N- 
iHuptlraksrl hy thr listing taf tentative doagn patHtOfftera far a 
^-Bev olerirnn arpetnrutnr prepared by the (^ambridgp gnUip 
:oid ii s’imihir \h\ fur a 30 -Bc-v marhine prepared at iiriHikJiaven. 
T rhrm are given in Table 7-1 h 
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™ t-t Jfesigu for dlsmaling gfHcJiant Medcmlorfl. 



5 lk-v 

Glcntrotu 

30 ttov 

[ irril nna 

Units 

Orbit ro.Hiu& 

esu 

am. 

ft 

MtiKirmiriL lit: Id 

a, II 

i 3.U 

Ufajpurar 

Nember of nmgrrot unit mIEh 

34, 

BO. 

Number of si might evctiEkEhB 

4ft, 

m 


AiuKiwt ieelur hin^l li 

9.7 

ia.3 

ft 

SlratuSit Etiction kn^li 

4. ^ 

s.u 

fi 

CSrfUmfcrtirLfK: of map; net Circle 1 

M2. 

2tEK). 

ft 

i tiniiua of Limg[fcP't cifclfl 


SHJ. 

ft 

MttKIMt gra|i p cnahrrh orbit 

s.q 

3.5 

in 

nt-vnlucp central orfall 

HKJ r 

4M, 


N 0 . usi-iElationfl Wa Voleugl hn l,iim 

6.2 

§.75 


Inje^ticjii ojjorny 

30. 

ja> + 

Moy 

iTijeettPto mn^nelic Held 

112. 

isa, 

jiarusa 

Injection frequenej of ioiui 

10 

ii h 

Aid 

Mnximum [r^queucy of inns 

1.0 

uis 

Mt- 

ItAdSctreqiiftiujy hanrnmto order 

64. 



Applied rf frfqufln«y l hajectJun 

m. 

a.4 

Mc 

Applied rf frequency* maximum 

m. 

iO.s 

Mr 

-VhlglMit riac time 

i/m 

10 

B€?C 

Volta /turn for acederatjun 


si. 

kv 

I\iIbo repetition period 

1 /3D 

3.a 

S 0*5 


7.5 1 1 rimights nf Uc?hl^n 

Many ttfttf tronceptg and uiiiLuiiiil features are involved hi 
the rlr:HLgn of these alls muting mudkiit marhinra 'Die Uirge 
i>rbiL« n with file tttkalL o mas option magnets. wil] lm Irat hanspi;] 
i n si dough tuit^hupnl building milter tluin in the imdi Lionel I 
I surge rt mm i jr vnu It. r l 'hr- ah ieidi I tg ] jto I > km I«Jr i In? 1 *s r re i n\o I y 
high-energy -jfiri jjenetrating radial rim hi the h^rissoiitiL]' plane 
M tw ntiswonal by having thi« building in flip f.irm of ; ui 
uiiderj^qiind Iren eh or immoL Adequate nhi riding over thi 
I ruiH'h will ubsorh the lower energy ftitttt ere*d rnd'hiTirms. Sim p 
il will no lunger ki posaihlcr, or desimblr, for Hir npcrutor’a 
poMrol rrmaole to uverlrmk the ntariihm t il run k I-m-uipiI til any 
iNJiiveitieiLl r-ent ral plaee t with pronouns for full remote control. 
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I'lij- 7 ll Tunmrl [j-lliIiJI u\i Titr titi iillcmciiLJjg £ nut Mint ■’•viii'Ki'i'i- 
Irnn (prapQHcl Elcgign). 


A 'ii Hii^h ;i LurmH 1 mi hliny; is illttftmtcd in V'\u. 7-ii t taken 

from the iWibridge Design Study* 

The niEuiy duplicate nmgnet units, each of relatively Rmrt.ll 
size. riikiw the n* nT e fficient machine ji pi and u^emhly line 
ii>rhniquca in niUTNufniituro. Tin- small sriae of mewl compo¬ 
nent^ retail™ to other targe nci^tamtara, reduces she handling 
problem Kn^inwriTig development of ll single prototype unit, 
^ilh commercial pr^iijctSo!] nf the many duplicate iihil* re- 
iinimL Hluadd result in a high quality of ja-rffirmuiiee. The 
problems of mainteiLaiteq and repair are simplified by the eon- 
rcpii of replaceable unUs. Scheduled Bequeutiial servicing of the 
i-i i|Hfmnetil^i, mrh \i> vacuum pump systems,, m practical, to 
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reduce (itne Inst Ift/ itminhinwn'e. In ninny w&ys tins type of 
iwceltTulor although large and .^pensive because nf the Surge 
orbit radius, will, bo simpler in <l^:fLp;n, teat and operate than the 
earlier machines using larger .single components. 

Magnet design b developing hi ward a simple L' eirniii 
with short, tapered poles, a return leg on one ?kjt; only (to rdlow 
neoeas IVir iruballing i.lic i-hajiii.r-v :,.in;| ogresti fn 1 particle Imams 
ti'orti a target), arid tmpper eoi|a of largo rrt>S3 Mention r|nsgj|y 
spoiled <djout- tin- gup, It run lie Ulusl rated by the sketch in 
* ig 7-7 taken fmm tin* Catilbrirli'e Ile.Hgii Study. Pole tip? 
uiv shaped closely 1.. u iwtaitgubir hyperbola to give u uniform 
PwHeut over the aperture em-lnscd by the vacuum r.ham U r. 
id tori i it ted right-to-left m o involve kns imita nrnnnd llie orbit. 



L’j.i. 7-.. Sketch of nuigiiet i.■ roft- . >.'LUih f.i r :m lJ 
(emitting BTiuliont a.vnelirnti'nn, bIjdviLtjp Urn .niaJJ vacuum 
cluhHibe r, 
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'31m 1 liyi'urljoliL cunMuril him] the location of the hyperboUi: axis 
iuv t Ui give tho designed tVYnJuc Binm Lhifl revalue 

i.H wimowluiL iensjfcr than those proposed, in order 

In olftain wider sjuiriugH between resonances, the hyperbolic 
l>4e fiats are flikil i-r, and ihe vafialion in gap length across the 
lt,i"i|j i> hs miller V valuable consequent'^ uf ibis trend in design 
is Hint ■ ,l» urn! Um m die |w*le tijis, tiUwu ng first oik the 4ior(-gnp 
side, i- less pronounced,, tun I uorrpt-l inns will be simpler r The re- 
n"Hv i (jn'i'iHosL in shaping the jsolc faces in of Ihc order pf 0.5% P 
and the uniformity Ijctwiien sectors is of the .-mime order, A 
rsirt'Tui Marking and sorting procedure for ihe ninny plates of 
Iron (in limit eddy currents) will In.*, neceE&nry to average out 
EiiJi^ni-1 ii- hihumogcftieilicft. Tn achieve this prwMon wh see- 
Mir of lIm; ma^et could lm assembled and welded into a struc- 
i und unit before machining. 

The no ml -it nf magnet- snutona and the arrangement of 
M i slight auction* involves a niutuiriml analysis which ia the basis 
Ilf the Hi sign TliifSr- numbers, combined with the rnrV{tlue h 
.k-NT Miini 1 Llm iniiul n*r "f betatron oscillations around the orbit. 
In -inlrr In avoid orbital rrsormnee, tins number of betatron 
v ..% v dongl (i a H ] i mi 1-1 I n ■ nonint opid r ft ml non-] latfdnte gra I - 
(Nob- the I'ljuii r of 6.2 am I £_7ii in the table of parameters 
ubuve Thr- unnril tt of strnight sections must Lwi adequate to 

iT.inliuii ail niMTAfliLry rf ..derating units, correcting magnetic 

IrMin-- l he injector, targets and pickup electrodes. However, it 
should not be iOTiStaavc and add length to the orbit uiioecee- 
warily. 

TLif length iif each irsugnct sector should not exceed that 
for winch practical and economical means of assembly uud 
rii!Li.d lining arc iiv :i iIal j 1r-. St migl Lt sect i oi l length must 1 n 1 ;u le - 
iijij 1 l i< 1 hi install the neofiissary device^ particularly the rf uc- 
ridcnvling units, but not m long nue k> increase the amplitudes 
uf the betatron oadlltklions Mgmficantly. TIiIm increase in am* 
pi Unde is a minimum if straight sections arc located in the cen- 
tors of the magnetic focusing lenses, rather Ilian between lenses, 
A Ample explanation of lIds last statement comes from the op- 
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titiiil analogy. Because rays arc more nearly jmr&lld to ifn- 
iLtis in the wnt« of a focusing or defoc using |rn$ (tam between 
such lenses?. inserted spaces «r tens effeir live in iitcreusififflrjuw- 
Vfiree dimensions i if I In; beam* As a eotiBcqiN'n-ee we find that. 

I he natuml unit, in packaging magnet sectors La a doublet eim- 
-■iistiiiR of half of a focusing and half of tv defocuKiag sector. 

The packaging system must also provide a suitable itumlier 
nf equally spared straight sections for installation of the if 
accelerating units to match the desired harmoni.- order of the 
applied mdiofrequeney, For example, in the 30-Bev design 
illustrated in Table 7-1, Nm choice nf 130 straight sectioria allows 
rhe use of Lhe 24th harmonic, (ortho 20th, or 30th) of the orbital 
frequency, which develop 34 equally spaced bunches nf Iojih 
around the orbit due to 1;he Hyncihrnniius bimching, ami which 
provides a frequency which is in the practical nmgn of operation 
of the ferrite-rove oecelonU ing units. 

Filially, the numbers vhos™ innsr not lead to harmemu 
orbital resonances For example, the numkr of 1 xitattroii wave* 
lengths must not be equal to the harmonic order of the applied 
rudinfrequency, nor to the Number nf repetitive groups of sectors 
around the orbit, 

\ machine designed tn stay fie tween orbit; J resonances 
must have a uniform gradient tor f;-,- value) which is ciHistftlll in 
I™, On Hie other hand, the effects of saturation of the iron, 
and also of eddy currents developed ut the start, lend to distort 
t his uniformity. Hie met I nal proposed to conipciware fur such 
changes is the use of short correcting lenses in some of the 
ut might seel intis, formed of 1 be qundrupole design to provide? 
oddit.it hihI gradient but pot to defeat tho beam. Such correct¬ 
ing tenues must, be nf two types. For fwusmu mid di'foeusing in 
each of the transverse di reel.ions, and preferably chon Id he 
loculi'. I in I mill lyric* of straight ^eH ions—in the renters of 
vertically fncUritig rind vertically defonmog magnet sectors. 
Design studies show that such correcting lenses can be used to 
maintain I he required cunstuit grodkmfti to within the precision 
needed to stay within a single stability eel]. 
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Tin 1 inadieiil nuiat also remain uniform tteWtieitii uLircpmtu 
width of tin 1 fw.ili* fail 1 i” eirfc-losw- n it jL lili' aperture. Devia- 
i.iinih i-iniH'd U> iilily rmti'ni.-, renvinent Eidila, juid imn^vm- 
iin-r t u Lkl uui unit ion uf llir Ups svill ilktort Lbu uniformity, 
Tim-*- run U- rviHi'H/nlul 3i.y MUilinntr totmti in the wtutttinra 
dt'limne Ilir■ magnetic Held and im k de^iilwd cus mntmrnr 
■ ■hMr.l-h Si - v i nt I mdJiodH are available to Marred for such dnvia- 
l,ii hw I "i«I ■ ■ li u»■ wi i if I inf&n i-ai 1 pmvwd w ith a time-echcd I ulcd 
riu'M ill i«? ■ 1 1 ;l|h“ ifII In-Id hrlwr-en [miIe^ t N'-xlLLj.Hpie for higher} 
nimvliiipj; maiinei* i-zin insertM in rcti^lit ucrtiona to prn- 
nde nnailim'ur LLTfii I limits. Tin? dH:atIt-il mug[iL L l nimkd rsiirjirissJni'- 
imTil.H in ■■<■- ■ u s in analyze ri-«r|uin^niatil^ urn In^iiiplniep mid 
htMln'r s|.i|ijy is ivquiml to df'Seniumi the niiiguilode uf (hr cor- 
n « , l ioir- Iimici) to maintain uniformity. 

The energy uf mi injwtc^J buwn of protons determine* the 
i ii(ud orbital voKn'ity and iherefnrn (hr frequency uf thi- rf 
-it'n l' iv, lur Al l 1 11 - Iduil ctmrgy (JWkBev) protons have nearly 

r I n- \ eh icily of li^lit, which dr‘-termini's llmil arbihij verity and 
frequimi'y Tho frequency Kwircp, between iiiilia] and Umd 
\; 1 1 1 m tiiiiiimion on rf ryntniu dt^gu, In (hr ruble of 

| h: m : 1111- r ■ I f ■ r r J . sdimv (^TablO 74) ft* protoll. tTkffcChltn/ jit 11 i< 1 1 | 13 ltTsa 
11n- n ■ uf i utl-Mrv Iiilu* -i r! tin irijrH'ion We lb this high-vnergy 
si m i t.hr JiVijiiL-ury Mvi-cp k hulclII and rf problems are simplified, 
hii|. tin- tlnvnlopiiinrnt of u auttiibtr 50-Mev linin' is ntilt fi problem 
fur tbo future. 

Orhihil fraqlloliuy tuMjamefl constant for etcr- 

n-in- mi quote low energies. so frequency modulation can Ik 1 
tivoiiliiL Tf electron* lire l.o In- nr^teHrted at, uouHtanl frr- 
ijurin'y, and l.o Im^ riitEiintil w ithin (hr luirmw radial witith of the 
v n tiiLm i:]iiimi.iiT. dtwtrun velocity iiiusL- Iks very ctqeie to die 
4>f light. Thin rotidllion iwtahliidlics the 2(1-Mev i[]je<o 
tiiin energy ehotuiu for the 5-Ttev electron nijiehine described in 
TiibUs 74, 

RadiirfiT4|itiimn pnw^r roqnireniEoits depend on I In - fre- 
i|ur ih'_v r-iiJiii- .tint ;iIso oil tin- required volts |wir ltim p which is 
rriiuhliahcd by tho rate of risc b of nmginetir held and orliit 4i- 
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mriiHrriiiH. IV; magnetic fidd til in- eyrie nlan itiftitenet-H tin 
nto.grH‘1 |Ktwpr rtn:]i tire meats, A BuiLihip bgjjum is required (it 
mi nimis e total costs. Present designs for proton syneijratrutn-, 
u«<? magnet rise timer >rf the Older of I non and ttyele repetition 
rales of 1(1 to lill per minute. based on magnet power mnJ rf power 
considerations, Volts jkt turn, V, are given by the relution : 

V = CrgdB/dt ( 7 - 20 ) 

whore C is the toUl orbit etrcuinffrsTiN.ie induding siruighi bci> 
thai-Hj r» is the central particle orbit mtiiut within :i sector, nml 
dB/dt is the rate of rim of magnetic lu-liJ. Table 7-1 show- the 
values ublaineii for the 30-Rev design. 

r IJie principle of nidi nfrequci icy lu fTiernlinn which uliWe 
the most pixnnise is that of induct ion iu.iei’li'fnt.kin Using ferritr 
eoiva surrounding the orbit afanilnr lr> the system used in the 
cosnuitron, Many identical rf units are planned, equally spared 
around llic orbit, nperiLtim: on a HitituMi} hamiinne of the m-biird 
frequency ho the unite van all be driven in phase Total rf 
power requirements to obtain a given value nf l' ant invi ist-lv 
proportional to tile number of if units. Thin large iiLimIwr of 
drive |Minis is atai useful in ru hieing the nmpliinde of synchro¬ 
tron OWi'ililLt iuH;--. 

Two ineiliods are available fur driving the ferrite loaded 
cavities. The untuned cavity, Hindi as is used in llie erjanotTon, 
must la's driven by a widc-bund amplifier over tlie frequency 
rangt% and So should 1*> tiaoreMmini The chief problem is the 
low impel Inure of such a ay si cm, and the Jnrge rum'nia required 
fur excitation, especially nr tin* low fiequeiiey end oT rhr cycle. 
The other Method is tu time the cavity in remimnw over the 
frequency range by controlling the |H>rmeubility of the lerriu 
core by meaiLir of a de bias which partijdly Niturains 1 he cure, 
A tuned cavity bis a higher imp-dance, lum i* driven by u 
closely coupled dsejlWor and luu? a high Q which multiplies the 
impressed voltage. Choke of the method and the rf b i hnirpirs 
iimal depend on the fnaquancy range, the voltage required and 
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mi Imt i i iii-ViLiir of lint- nr nit, and forum an mtefEfltihg problem 

in rud h if eei jimmy High Leering design. 

IWcr rnk-ing and eutrt of the rf nupply ilcv steeply riaini^ 

. .. . <ii iho j, i jitev "f 1 lie A G proton .sytichrolmii. 

Tlii.s ■■■ ifki| may well Ik? the ci'onomirally limiting Ear lor in 

I'Mrnilint-; cneigici* Emvjutl the 1110 Rev rtm^' 1 

I kv iin»i-1 ii^ui Iimil for A-fi dee Iran sytichraLirons i* the 
rapidly im ti--L uring rcintiif (he rfsystem U> supply radhiUon luaaea. 
Tin- linviF fur sljiihditrd byBiehrofronH- using it tiiiigle rf accelerating 
gap hi iiIrMij*: 2 Hev I'iLii Imj raised to tia much ras 10 Itev by sming 
ninny phtiM-1 rf units in the straight faction*, to provide the 
mu* li Ijiglicr vu!iuge \ hi r I,tini r^jiiired. 1n the Cam!bridge dr- 
-iru jin-wiintHml in Table 7-3 the requirement is over 2.5 million 
viilln |ht turn; it ih achieved by using many (S or IB) htgh-Q, 
rr-i nun it I'jivitio-H npuralimt ii i a high hrnmmiir of the orbital 
fivijiu'nry. At the designed energy nf 5-Fev the cost, of the rf 
M'^N'cn is not exeejvfiw, hut this component will represent an 
iiH'M'jLMiiu; frncfjiH! nf total ermt-as energy is frtcrea&ech 

(Pliior I'ominjiiflnt^ nf the machine Iraeodic mi mb simpler 
11 tu M f' ir I 'El r IWn n -1 -If ru I • , 'llie vw u i tin I ■ h rim l «■ r, fnri'xnmplE, 

I'jni be 21 iJfcinnUfiI tube of oval cross section, with transverse 
ilimrirnioit- uf only . few inchr^. Such a chamber is Okurtrated 
in l'%. 7-7, Lakers from the Cambridge study, The volume of 
ill-- -vHti-io is hinnll f*o rdriliwly pmull pumps can he used, and 
i :i' until ruling |irnlilfn'Ls urc greasily simplified. The Lhin- 
billed ■,;miiuin cliiunlwr also allow*, radiations from a target to 
I'MuTgi- with minimum absorption. 

7.6 Toil elusion 

Tin" fiiii-going deAmption of plan# mu I designs is a iirsl 
ii' 'fin|ir to ivrih' u uvn i hapicr—the laiMt—in the story of ac- 
‘•-•li • ilvvdoiimniF This .4uiy is mt exciting uue fur the 
im-h-jir hU-iftulint and Hie -im: leal or drvdgju-r. Aeri-lt-raior 
j Ir’■ i’Iu] aiiraE lias pimul Mu* luvlruri' rvpan^ion uf the fipkl of 
i am lour phystr^ during I he litsrt 2S yi^are. At timps the progress 
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isu 

ii Hjiti'rssfql new ..jry would .spur the* i lielopment of 

higher-energy noaderatorn. Vi mhn iimrs the osjierimoiitiii 
rosult# obtained from a receiii ly completed aiwlemtor of rerard- 
brea king energy would rttiinuln.tr new theoretii d progress This 
teamwork of p sTj^-runL-ntiil and UwnrH iiid »ri<«nee Inns resultr-d 
in an (!X|)n(j(!nfiii] uieream? in pivrtidp energy with thne. 

Iy*cll I'lasa of uneckmlor Jww, ill Itini, gone through a 
ph«w of rapid mrpiirwhm* from the early small marhihes huill 
to test dip principle and explore the problems of roust ruction, 
in :l maximum practical Mfxc t limited Ly kmiip lecHnitid or 
economic tumor. Thiw the ♦.'IcHTtmutid.if genrmior mowd 
rapidly up* <" dn- l-Me\ limit set Ly rit-nL lijtlikdnwh Thr 
cyclotron blossomed from a Inl.mratory r.tmoHity to the powerful 
flU-in. *iar in less than ten yeure, limited only hy thr rdalivistie 
increase in mass of tin 1 n<'itlenil,i-i 1 ions. The Hvndjrivtydolrrjn 
sooms ikhv to have reached mi ernnoTTric limit dint to the gigantic 
sizu and lie- rapid jnerraw ill i'<*nt ..f tin- hjIuI .-mvd magnet 
for still higher energies, 

.fijsi us one dns,~ of nm^niior up|iru;ji-|ied its pmctiml 
energy limit, ami pragma seemed stalled, a non mar hi no would 
Ijo tliHoovered mining the energy limiis and shirting new rhuin 
uf JevrlopmctiL So we observe each type ill n'-telomtor holding 
the energy rm>n 1 for a time. only m lie siirp;uc-ed Ly t.lm kcm 
T he sequence runs roughly through tin- Gockeroft-WaKcsi vo|). 
ime multiplier, tlie ele-i'trnaLilU- general nr, ihe ry r lot ron, the 
betatron, tilt: nyndimeyelnlrutt and synchrotron. the prnn.i. 
synchrotron, and now the rill nmating gradient syuchmi.i'iiii, 

Tltis increase in energy of lUTelerutors i- illustrated in 
Fiii 7-8, in which points are plotted showing tin- development of 
eudi of the several classes of racelerntors. The tkiea and 
energies are taken from the first puhliffhed ne|s'ii- of reaching a 
new energy record in ritrh ease. often represent in a a delay of 
Mime months after I lie actual eyeriL logarithmic sr-nh- is 
Uised to compress tlie Iremriiiloiis range in energy i In this plot 
it is possible to sketch an envelope i tine representing the cvjti- 
lililting rise in energy- with lime. The most dgniftcani feature 
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7-8 Hapoucntiiil rim in puErgy uttalBod with 
tiec eleriit urei - luring 1 hn pimf. 35 vpurg, 


i-I i In- plot is the approximately linear slope of this envelope, 
wliMr]> nu'mijj thul energy lifts in fact ingrcascd pxponi'iiiiiilly 
with lime. The rate of rise is such that the energy baa increased 
hy a factor Hit II.) every six years, from a start at 100 kv in 1929 
to If billion volla in 1952, 

li is interesting to extrapolate this curve into the future, 
in predict the energy of accelerators after another sis years. 
\Vi- have mason to hope that either t in.- Brookhavcn or the CEUtN 
,\-Q proton synchrotrons ail! have reached 2S Bev by ihat 
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time. Further fetupolutifjh of tills exponentially risijij? ourve 
would pmlirt truly giyanlir ju'cHemloro which would nxwad 
juiy pOKsibfc binlgi-lK, oven those of Rovemnn-ut luhuru tones. 
So wc will postpone- suidi Kjieouintion uni iJ the matihinra 

oftti demonstrate llji-ir value to Bcitrnt*.-. 

Thvk# of us in the sO'iolorjilor held iliv L'n»|ui<nl>iy anted, 
“When will this devdopmehl of hi^lnr-a m i -h1rp- tl1 - 
ucUnutbrs stop?" Vet it muist In- nToj'iiiw-.i that ii j. H not the 
urge to higher voltage which inspires this growth, but the pres- 
sun; the cuutiimunBly expanding hnriiOUE uf science. An 
ions ns there are unsolved problems in Nature v.lik-h might be 
answered by higher-energy purlii-ls-n, mid as long ns the wiemiik 
uriti; to know the answers eontinurs, there will io a gtfisdy arid 
pL-raistcn I. demand tu develop t tic- tnuis arid Lustruruonhs re¬ 
quired. 
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